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Abstract
The present thesis is dedicated to the advancement of the current state-of-the-art
of process/product control of polymer micro components manufactured by micro
injection moulding (µIM). The main focus was the achievement of in-line quality
assurance and optimization in µIM by means of a combination of product micro/nano
metrology and real-time process monitoring. To achieve this, the newest technologies
available in the moulding scenario were employed. Multiple important aspects of µIM,
as the use of unconventional materials, process simulations and indirect metrology
for mould assessment were also investigated.
A thorough experimental investigation was carried out to study the behaviour of
thermoplastic elastomers (TPEs) when moulding a commercial micro ring component
having a mass of 2.2 mg. The quantification of part defects such as weld lines and air
traps allowed drawing clear recommendations on how to set up the process window.
The geometrical precision and accuracy of the produced parts were investigated using
optical measurements over a broad range of process variables in order to characterize
the impact of process variations on the final output. A novel shrinkage behaviour,
most probably induced by residual stresses, was observed and studied. Finally, the
produced parts were also functionally tested, allowing to define a clear relationship
between process settings and functionality.
A novel method based on the definition of product and process fingerprints was
applied to both a 3D micro component and a nano-structured one to define an in-line
quality assurance strategy based on process monitoring. As for the 3D component,
which was designed for medical applications and had a mass of 0.1 mg, geometrical
focus variation measurements and in-line monitored pressure and velocity data were
combined to determine the most suitable control strategy. It was found that the
integral of the injection pressure during filling was the process indicator that was most
correlated to the quality of the moulded part and to the size of its defects. Therefore,
clear indications could be given on how to monitor the process in-line to obtain the
most valuable information with respect to conformity to design specifications.
The nano-structured component was moulded by replicating a laser-structured surface
having a texture composed by ripples with an average height of 50 nm and pitch of
900 nm. The replication behaviour was investigated over a wide range of process
variables and the simultaneous use of two areal surface roughness parameters was
identified as the best way to characterize the produced surfaces. High-speed infrared
temperature data were obtained and considered as a tool for in-line quality monitoring.
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The results showed that the in-cavity temperature during the initial heating of the
cavity, which was caused by the entrance of the polymer melt, had a strong impact
on the replication quality, being highly correlated to the variation of the surface
roughness parameters. Clear recommendations were drawn on how to in-line monitor
the nano scale replication by using the value of this temperature indicator.
The use of process simulations as a tool for dimensional quality prediction and
virtual process optimization was investigated in this thesis. A commercially available
injection moulding simulation software was employed to build models and run
simulations for two of the case studies of the project, namely the TPE micro ring and
the 3D micro component. Model calibration proved a task of primary importance
in order to match experimental measurements with numerical data. In regard to
the micro ring simulations, the calibrated model was capable of predicting the final
dimensions of the moulded parts with a 1.6 µm accuracy. The effects of the µIM
parameters on the part dimensions were also well forecasted, validating the model as
a tool for virtual optimization. Process simulations were applied to the 3D micro
component to predict the size of the flash that affected the part quality. The results
showed that the model accurately captured the variations induced by the different
process variables on the defect.
The use of replica technology as a method for indirect measurements of inaccessible
micro milled features, which are often present in micro moulds, was assessed. Two
benchmark samples were designed and micro milled in order to quantify the degree
of fidelity of a commercial two-component silicone rubber when applied to the
measurement of both surface texture and geometry. The comparison between direct
and indirect measurements allowed defining the applicability of the method. The
surface topography measurements showed that the indirect approach led to an
overestimation of the real roughness because of the stretch of the replication media
generated during its manual removal from the master. On the other hand, indirect
measurements of geometry revealed that the silicone shrunk linearly with respect to
the original dimension. The shrinkage factor was calculated to provide a method to
extrapolate the mould dimensions in the industrial situation in which only indirect
data are available.
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1 Introduction and objectives
1.1 Introduction
The recent decades revolutionised the industrial world, which nowadays relies heavily
upon the availability of micro systems. The discipline of manufacturing engineering
responded to this need by developing the so-called micro manufacturing technologies,
with the aim of producing miniaturized components in high volumes and in a
cost-effective way. As such, micro manufacturing plays a central role in numerous
engineering sectors, with applications in microfluidic devices, connectors, micro
engines, micro pumps, surgery tools, medical implants, smartphones, sensors for
automotive industry and hearing aid systems [1, 2].
Micro manufacturing is a complex engineering field that involves multi-material
interactions as well as process chains spanning across different dimensional scales.
To face these challenges, new manufacturing processes were developed either by
inventing new principles or by adapting well-established conventional technologies
to the micro scale. Micro injection moulding (µIM) belongs to the second category,
being the miniaturized counterpart of conventional injection moulding (IM), which
is based on the replication of the geometry of a mould with a polymeric material.
µIM is capable of successfully combining the high throughput rate and net-shape
production of IM with replication capabilities at micro-scaled accuracy, standing out
as preferable manufacturing process for the fabrication of micro plastic components
having geometrical features below the millimetre range [3–5]. The know-how derived
from the 150-year old IM process was transferred to µIM, setting the basis for an
extremely repeatable and productive technology that is already widely employed
in the current industrial scenario. Targets of µIM are miniaturized parts as well
as macro-scaled parts having structured surfaces, thus covering a large variety of
key-enabler applications, spanning from micro gears to microfluidic devices (see
Figure 1.1). Nowadays, µIM research focuses primarily on statistical control, in-line
process monitoring, modelling, tooling technologies and processing of new materials,
with the aim of enhancing accuracy and precision as well as pushing the technology
capabilities to lower and unexplored dimensional limits.
As critical dimensions are scaled down in micro-manufactured components, their
complexity also increases. Moreover, tolerance ranges become much tighter than for
macro-sized parts, posing big challenges with respect to process optimization and com-
pliance verification when conventional measuring instruments, which are not designed
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to deal with such a small scale, are employed. These and other fundamental issues
opened the door for the design of new measurement principles and instrumentations
that allow coping with the challenges of the micro scale [6]. Nowadays, instruments
such as atomic force microscopes (AFMs), micro coordinate measuring machines
(µCMMs), micro computed tomography (µCT) machines and high-resolution opti-
cal microscopes are available to deal with miniaturized components. However, a
big room for improvement remains open in the field of quality assurance of micro
parts. This is particularly true for high-throughput replication processes such as
µIM. In fact, a moulding cycle time is typically in the order of 5-20 s, while a
measurement performed with an instrument having sub-micrometric resolution and
three-dimensional capabilities takes minutes to complete. State-of-the-art industries
tackle this unbalance by measuring a few randomly selected parts from the produced
batch. This approach is particularly unsuitable for micro productions, where the
micrometric tolerances require a total quality assurance since the outcome is typically
much more sensitive to material and process setting variations. Therefore, it is of
primary importance to reduce the off-line metrology effort that acts as bottleneck of
micro manufacturing technologies. Novel solutions have to be conceived and applied
in order to control the dimensional quality of each moulded part in-line, i.e. during
the manufacturing procedure.
(a) (b)
Figure 1.1: Examples of micro plastic parts produced by µIM: (a) micro gear, (b)
microfluidic platform [7].
1.2 Project definition and objectives
The present Ph.D. project aimed at tackling the aforementioned challenges in µIM
quality assurance, thus advancing the technology beyond the current state-of-the-art.
This was done by formulating and consequently implementing a novel approach based
on the product and process fingerprint concept. The two are defined as:
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• Product fingerprint: a unique dimensional outcome (a value of a particular
dimension, a geometrical error, etc.) that is sensitive to process variations and
correlated to the overall quality of the micro part. By controlling this specific
feature, the conformance to specifications of all tolerances of the object can be
achieved.
• Process fingerprint: a variable strongly correlated to the quality of the produced
component and controllable in-line during the manufacturing procedure. By
applying real-time monitoring techniques, the value of the process fingerprint
can be measured at each cycle, thus giving valuable indications on the charac-
teristic of each manufactured component without the need of additional off-line
metrology operations.
The objective of the project was to combine the two concepts in order to implement
a real-time process control aiming at zero-defect manufacturing in µIM. In particular,
once the two fingerprints are identified, a closed-loop process can be established, thus
eliminating the need for time-consuming off-line metrology tasks and significantly
shortening the process optimization phase. Since this novel approach targeted
the manufacturing moulding industry, real industrial moulded components were
investigated.
In order to design and implement a process/product fingerprint framework, an
extensive experimental campaign must be carried out, followed by a robust statistical
analysis. The procedure can be broken into the following steps (see Figure 1.2):
• Experiments: the main µIM process parameters are varied according to a
statistical design in order to identify the most significant ones. In fact, both
product and process fingerprints must be sensitive to the variations of the
process to act as an effective optimization tool.
• Process monitoring: during the experiments, data are collected using various
types of sensors that can be either internal or external to the moulding machine
architecture.
• Off-line metrology: the produced parts are characterized using a high-accuracy
measuring instrument. In this phase, the selection of the product fingerprint
candidates is carried out: the most relevant part features are measured and
considered as possible product fingerprint.
• Processing of monitored data: starting from the time-curves of the variables
that are monitored in-line, indicators capturing their most significant features
are identified and considered as process fingerprint candidates.
• Analysis of product data: results of the off-line metrology phase are analysed.
The candidate showing the highest sensitivity to process variation and being
mostly correlated to overall part quality is selected as product fingerprint.
3
1 Introduction and objectives
• Analysis of process data: the process fingerprint candidates are analysed with
respect to process sensitivity and correlation to the dimensional quality of the
produced part, and the one having both characteristics is selected.
• Definition of the in-line quality assurance strategy: product and process fin-
gerprints are combined and a quality assurance procedure based on in-line
monitored data is defined.
This framework was applied to two different industrial case studies: a 3D micro
component and a laser nano-structured surface, both intended for medical applications.
Therefore, the approach was tested when replicating both micro-scaled geometries
and nanometric surface texture.
In parallel to this, µIM process simulations can be implemented in order to extend
the fingerprint concept to a digital twin, thus making the process optimization
totally virtual and, as such, much less time-consuming and more cost-efficient. The
validation of the simulation results with respect to the real fingerprint is the primary
challenge here.
Off-line quality 
assurance
Process 
monitoring
Moulded parts Sensors data
Product 
fingerprint 
candidates
 Process 
fingerprint 
candidates
Data analysis: 
sensitivity and 
correlation
Data analysis: 
sensitivity and 
correlation
Product 
fingerprint 
selection
Process 
fingerprint 
selection
In-line quality 
assurance 
strategy
µIM process
Figure 1.2: Flowchart representing the method used to identify product and process
fingerprints leading to the definition of an in-line quality assurance
strategy.
4
1.3 Research questions
1.3 Research questions
The goal of this project was primarily to define an in-line quality assurance framework
for industrial micro moulded components by applying the process/product fingerprint
approach. In addition to this, the project also aimed at improving the µIM state-of-
the-art, first by investigating the moulding capabilities of polymeric materials such as
thermoplastic elastomers (TPEs), whose use in µIM applications was never thoroughly
characterized in literature, and then by characterizing an indirect method for mould
assessment based on the replica moulding technology. These two topics have high
importance in the µIM scenario: on one hand, extending the technology capabilities to
new materials is necessary to embrace the development of new industrial applications,
on the other hand, a calibrated indirect method to assess the mould dimensions that
are not accessible with high-accuracy instrument is strongly needed.
The new knowledge created in this Ph.D. project benefits both the scientific and the
industrial communities of µIM, as it provided new insights on the technology and,
at the same time, can be put into practice by the industry to improve the quality
control systems. In particular, the following research questions were formulated:
• What is the precision and accuracy of µIM when micro moulding TPE? What
are the effects of the main process parameters on the part geometry?
• How can the product/process fingerprint framework be effectively applied to a
3D micro component?
• Is it possible to define a clear in-line quality assurance strategy for this compo-
nent based on the combination of product and process fingerprints?
• How can the product/process fingerprint framework be applied to the replication
of a nano-structured surface?
• Is it possible to define a clear in-line quality assurance strategy for nano-
structured surfaces?
• How can process simulations turn into a useful tool when dealing with the
optimization phase of µIM?
• What is the accuracy of the replica moulding technology applied to micro
milled mould features?
1.4 MICROMAN project
The research reported in this Ph.D. thesis was undertaken in the context of MICRO-
MAN project (“Process Fingerprint for Zero-defect Net-shape MICROMANufac-
turing” [8]). MICROMAN is a European Training Network (ETN) supported by
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Horizon 2020, the EU Framework Programme for Research and Innovation (Project
ID: 674801). MICROMAN started in October 2015 and will end in October 2019.
The project, which included 8 European universities and 14 industrial companies
as partners, funded a total of 13 Ph.D. projects undertaken by 13 Early Stage
Researchers (ESRs). In particular, each one focuses primarily on a single micro
manufacturing technology (see Table 1.1) and an industrial application, allowing
MICROMAN to cover almost the totality of the existent miniaturized processes.
Table 1.1: MICROMAN project partners and investigated micro manufacturing
processes. The present thesis is part of the work of ESR 1.
ESR no. µ manufacturing process Partner Country
1 µIM DTU DK
2 µ polishing DTU DK
3 µEDM KU Leuven BE
4 µECM milling KU Leuven BE
5 µECM milling TU Chemnitz DE
6 µ plasma polishing TU Chemnitz DE
7 µ grinding University of Bremen DE
8 µIM University of Bremen DE
9 µ forming University of Strathclyde UK
10 µ extrusion Politecnico di Milano IT
11 µ metrology University of Nottingham UK
12 µ sintering DTU DK
13 µIM University of Bradford UK
The general aim of MICROMAN was the identification of the manufacturing finger-
print of the processes defined in the ESR projects, leading to an overall significant
improvement in the European micro manufacturing scenario in terms of both quality
and productivity. Being an ETN project, 8 workshops, each one focusing on a single
process, were organized by the academic partners and attended by the ESRs in order
to provide an all-round, yet specialized, training on micro manufacturing.
1.5 Structure of the thesis
This Ph.D. thesis is structured according to the different research branches that were
developed during the project.
Chapter 2 is an overview of the state-of-the-art of µIM and the related key-enabler
technologies. The micro tooling technologies and measurement techniques commonly
used in combination with µIM are also presented, with particular emphasis given to
the ones employed throughout the project.
6
1.5 Structure of the thesis
In Chapter 3, a literature review on the latest development of µIM process opti-
mization and monitoring is presented. The chapter also contains an overview of the
effects of the most significant µIM process parameters on various characteristics of
the moulded components.
Chapter 4 deals with the analysis of the precision and accuracy of µIM using TPE. The
case study based on an industrial micro ring, which is part of a multi-material micro
assembly, is outlined. The specifically designed multi-cavity mould is introduced
along with the experimental approach. The results of the study are presented and
a novel shrinkage behaviour of the micro ring identified. Functional tests were
performed in order to identify a clear relationship between process settings and part
functionality. An alternative process design based on micro overmoulding was also
investigated with the aim of increasing the productivity of the final assembly.
The application of the product/process fingerprint framework to a 3D micro plastic
component for medical application is discussed in Chapter 5. The monitoring
approach and the fingerprint candidates selection are outlined in detail. The effects
of µIM process settings variation on both product and process variables are analysed.
Eventually, the fingerprints are identified and combined to generate the proposal of
an in-line quality control strategy.
Chapter 6 presents the study aimed at applying the product/process fingerprint
method to a micro moulded part featuring a laser nano-structured surface. A
different process monitoring procedure based on flow visualization is described. The
identification of proper surface topography parameters that are valuable for the
characterization of the replication at the nano scale is also a focus of this chapter.
The best fingerprint based on the flow visualization experiments is selected and an
in-line control strategy for surface replication accuracy proposed.
In Chapter 7, all the work related to µIM process simulations is presented. The
mathematical background and the state-of-the-art of the modelling approach are
outlined. The simulation results and validation procedure are then dealt with, with
particular attention to the prediction of the effects of µIM process parameters on
functional geometries in both real and virtual domain.
Chapter 8 deals with the investigation of the capabilities of the replica moulding
technology for the indirect measurements of mould micro features manufactured by
micro milling. The replication performance of both surface texture and geometry
is addressed by using specifically designed benchmark samples having the typical
features of micro moulds.
Chapter 9 concludes the thesis by answering the research questions and giving an
overview of the most important findings of the work. A view of the future research
based on the thesis results is also outlined.
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2 State-of-the-art of micro injection
moulding and key-enabling
technologies
An overview of the micro injection moulding process is given. The main differences
with conventional injection moulding are described to highlight the peculiarities of
the micro technology with respect to machine design, tooling, flow phenomena and
replication accuracy. In the last part, the measurement solutions applicable to micro
moulded parts are presented, with particular focus on the instruments used in the
thesis, namely focus variation and confocal microscopes.
2.1 Conventional injection moulding
Conventional injection moulding (IM) stands out as the most common manufactur-
ing process for the production of parts made of polymeric materials. Among its
advantages, it enables the fast and extremely repeatable production of components
featuring complex shapes and detailed features, making post-processing procedures
in most cases unnecessary [9]. The process can be also fully automated, allowing the
achievement of the extremely high throughput rates needed in mass-production.
A conventional injection moulding machine is divided into two parts [10]: the injection
unit and the clamping unit (see Figure 2.1). The first one undertakes the task of
melting the plastic compound, conveying the melt towards the mould and finally
injecting it. The main component of the injection unit is the reciprocating screw.
This screw has a peculiar geometry and, with its rotation, moves the melt forward
and helps in generating the heat required for melting the plastic granules. Typically,
50 % of the required heat is generated by the friction created by the screw rotation.
Electrical band heaters implemented on the outside of the barrel provide the other
half. After enough polymer melt is prepared, the screw is shifted forward generating
the injection pressure. A back-flow valve prevents the melt from flowing back inside
the barrel.
The clamping unit presents two main components: the mould and the mechanical
clamping. The mould holds a central role in the whole process since it enables the
actual formation of the part by replication. It can have one or more cavities and
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FIGURE 1.6 Schematic of an injection molding machine.
able to keep the mold tightly sealed during the filling and
holding stages. At present, clamping units are available in
three different forms in the market: mechanical, hydraulic,
and hydraulic mechanical systems. The control system
coordinates the machine sequences, keeps certain machine
parameters constant, and optimizes individual steps in the
process. All motion sequences of the machine, the correct
order of these sequences, their initiation, the signaling of
positions reached (such as by limit switches), and the
reaction at predetermined times within a cycle have to
be achieved, initiated, and coordinated. The temperature
requirements during molding (including barrel, melt, and
mold temperatures) are set up by the control system,
and implemented by the tempering devices. The drive
system provides power for the above components by the
conventional way of hydraulic or by the recent developed
ways of all-electric or hybrid-electric-hydraulic. At present,
the hydraulic system is the most popular, while the
electric one has the development tendency. The essential
advantage of oil hydraulic systems is that the fluid can
be distributed easily by hoses and pipes, and that no
complicated mechanical transfer elements such as rods,
cables, and toothed racks are necessary. Compared with
electric systems, the main drawback is their higher energy
loss.
The injection molding machine performs certain essen-
tial functions: (i) plasticizing —heating and melting the
plastic in the plasticator; (ii) injection —injecting from
the plasticator under pressure a controlled-volume shot of
melt into a closed mold; (iii) after-filling —maintaining the
injected material under pressure for a specified time to
prevent back flow of melt and to compensate for the de-
crease in volume of melt during solidification; (iv) cooling/
heating —cooling the TP molded part or heating the TS
molded part in the mold until it is sufficiently rigid to be
ejected; and (5) molded-part release —opening the mold,
ejecting the part, and closing the mold so it is ready to start
the next cycle. The type and size of an injection molding
machine to be used are dependent on the dimensions and
volume of the molded product.
The injection molding machine has extensive process-
controlling devices to maintain correct operating proce-
dures. The physical values to be controlled (temperature,
position, velocity, and pressure) are recorded with special
sensors (thermocouples, displacement, and pressure trans-
ducers). These signals are then transformed and read in
by the supervising computer. On the basis of these in-
put data, the control program induces certain actions: for
example, if the temperature of the plasticating unit is too
low, the heater bands are switched on, or, if the screw
has reached a set position during plastication, the control
system shuts a valve, to switch off the screw rotation.4
Process control closes the loop between process parame-
ters and appropriate machine control devices to eliminate
the effect of process disturbances. Tighter operational con-
trols permit production of high-quality products with less
effort.
In addition, the design of the control system has to
incorporate the logical sequence of all basic functions,
including injection speed, clamping and opening the
mold, opening and closing of actuating devices, barrel
temperature profile, melt temperature, mold temperature,
cavity pressure, and holding pressure.
1.2.6 Interrelationship
As mentioned above, all factors involved in the entire
manufacturing process affect the final quality of the
molded products, including plastic properties, product
characteristics, mold configuration, process conditions, and
process control. This relationship can be illustrated as a
fishbone diagram (Fig. 1.7). As an example, the dimensional
accuracy of injection molding, which can be met, depends
on such factors as properties of materials; accuracy of
mold and machine performance; operation of the complete
molding cycle; wear or damage of machine and/or mold,
shape, size, and thicknesses of the product; postshrinkage
(which can reach 3% for certain materials); and the degree
of repeatability in performance of the machine, mold,
material, etc.
Moreover, there are strong and complicated interrelation-
ships among these factors. For instance, it is well known
that different plastics have different melt flow characteris-
tics. What is used in a mold design for a specific material
may thus require a completely different type of mold for
another material. These two materials might, for instance,
have the same polymer but use different proportions of ad-
ditives and reinforcements. It is necessary to consider these
interrelationships so as to fabricate a cost-performance ef-
fective molded product.
Unfortunately, at present, the development stages of
injection-molded parts are often handled sequentially and
independently. A part designer will design a part with
limited knowledge of mold, processing, and/or materials.
Figure 2.1: Schematic view of a conventional injection moulding machine: the main
components are highlighted [11].
two or three plates, of which typically one is fixed and the others movable. The
mechanical clamping has the task of keeping the mould plates closed while the melt
is injected and opening them to eject the part [11]. Since the injection pressure can
reach values close to 2000 bar, depending on the cavity size, forces of thousands of
tons might be required to maintain the mould closed during the cycle.
The injection moulding cycle can be divided into five phases based on the machine
procedures (see Figure 2.2) [9, 12]:
• Filling and packing: in this phase, the molten material is injected inside the
mould cavity by the screw that moves forward providing the required pressure.
After the end of the filling, more material is pushed into the mould during the
packing phase in order to compensate for the shrinkage of the part that cools
down and thus contracts.
• Plasticization and metering: after the p cking is finish d, the machine starts the
plasticization and metering in o der to prepar the shot of th following cycle.
The screw restarts its rotation an moves backward to melt more material.
• Cooling: this phase runs in parallel to the previous one, and it involves the
injected material that cools down because of the mould walls extracting the
heat from the cavity, allowing the part solidification and consequent shrinkage.
• Mould opening: he ould opens once the part has reached the desired ejection
temperature.
• Ejection: once the mould plates are open, the now solid part is ejected either
mechanically or pneumatically.
Conventional injection moulding machines can be adapted to the manufacturing of
micro parts. When this solution is adopted, th main issu relates to the minimu
shot weight, which is typically one order of magnitude larger than the weight of
a micro part for these machines [3]. Therefore, relatively huge sprues need to be
10
2.1 Conventional injection moulding
(a) Filling and packing
(b) Plasticization and metering
(c) Cooling
(d) Mould opening
(e) Ejection
Figure 2.2: The phases of the injection moulding cycle with a conventional ma-
chine [9].
utilized, leading to a relevant amount of wasted material. Moreover, it becomes
extremely difficult to dose the right amount of material and control the filling process.
The positioning accuracy of the reciprocating screw is usually not high enough to
provide the shot-to-shot consistency required to meet the tight tolerances of micro
productions. Finally, taking into account the very small shots needed to mould
micro components, conventional injection moulding machines tend to cause prolonged
residence times inside the barrel, leading to the risk of material degradation. For
these reasons, dedicated micro injection moulding machines were developed and
commercialized.
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2.2 Micro injection moulding
In order to distinguish between conventional and micro injection moulding, it is
of primary importance to fully define to which categories of plastic parts the term
“micro” applies. The international moulding community has agreed on breaking
down the scenario into three categories [13, 14]:
• Micro-structured parts: parts with outer dimensions in the millimetre range or
larger, but featuring local structures in the micrometre range.
• Micro precision parts: parts with larger outer dimensions but tolerances in the
micrometre range.
• Single micro parts: parts with outer dimensions in the micrometre scale and
mass in the milligram range.
In terms of dimensional capabilities, µIM allows replicating features of various
shapes (e.g. channels, pillars, grooves, ripples, holes) with dimensions down to the
nano scale [15]. Figure 2.3 shows the attainable replication in lateral and vertical
dimensions for the main polymer processing techniques. What can be clearly seen
is that µIM extends the lower limits of conventional moulding. Moreover, it is also
capable of producing features smaller than those manufacturable with other precision
polymer processes such as injection compression moulding (ICM) and hot embossing.
Soft lithography techniques are comparable to µIM in terms of attainable dimensions
but also have much longer cycle times (2 minutes for nano imprint lithography [15]),
making them not as suitable for mass production as µIM is.
classiﬁed and described according to materials and the different
principles and mechanisms involved during replication (Table 1).
5. Technologies enabled by surface replication
This section focuses on technologies enabled by surface
replication processes. Three main categories have been identiﬁed.
The most obvious and also largest group is related to production of
surfaces with speciﬁc surface micro and nano geometries by
replication. Characteristics of this group include both well-deﬁned
geometries (e.g. grooves, holes, pillars, etc.) and random topo-
graphy usually characterized by low/very low surface roughness
values (i.e. micro to sub-micro and sub-100 nm to optical ﬁnish
respectively). Often this involves length scale integration over
relatively large areas. Secondly, replication processes are
employed to deﬁne moulds and master geometries in certain
cases. These masters can be characterized by the same points as the
surfaces, but additionally they also should focus on material
properties as required by a master used for replication processes.
Finally, replication is used to enable surface characterization of
both random surface structures as well as well deﬁned geometries
on the nanometer and micrometer scale. This paragraph describes
possibilities related to these three categories. Characteristics of
technologies enabled by surface replication methods are summar-
ized in Table 3, whereas application examples are presented and
described in Section 7 (‘Application examples’).
5.1. Surface replication for surface manufacture
Replication techniques allow cost effective manufacturing of
net/shape surfaces structured at micro/sub-micro/sub-100 nm
scale. Different geometries and sizes of surface structures can be
obtained depending on the employed materials. Along with the
availability of suitable shaping processes as well as tooling
technologies to structure masters at increasingly smaller scales,
surface structuring of polymers, glass, and metal have been
investigated.
Thermoplastic polymeric surfaces with micro to nano (i.e. sub-
100 nm) deterministic structures have been investigated employ-
ing conventional injection moulding (IM), micro injection mould-
ing (mIM), compression moulding (CM), hot embossing (HE) and
nanoimprint lithography (NIL). Typical structures that can be
replicated are: by IM, pyramids, V-grooves and rib with lateral
dimension = 10–100 mm and aspect ratio (i.e. height/lateral
dimension) = 0.03–3 [63,104,162,167]; by mIM, V-grooves, rib,
pillars and cones arrays with lateral dimension = 0.1–100 mm and
aspect ratio = 0.01–4 [54,154,202,203]; by CM, pyramids arrays
and ribs with lateral dimensions = 20–200 mm and aspect
ratio = 0.2–1 [57,141]; by HE, channels, pillars and holes arrays
with lateral dimensions = 0.1–10 mm and aspect ratio = 0.25–2
[22,156]; by NIL, ribs and holes arrays with lateral dimension = 10–
60 nm and aspect ratio = 1.5–4 [36,37]. Replication techniques
based on plastic moulding processes can also manufacture
polymer random surface topographies with surface roughness
from the micrometer range (e.g. 1–100 mm) [128,165,167], to sub-
micro range (<1–0.1 mm) [172], down to 5–10 nm [5,144].
Fundamental research has actually shown replication of surface
with Ra = 1 nm by micro injection moulding (PP) [54] and of
Ra = 0.8 nm by HE (PMMA) [103] establishing new replication
possibilities for thermoplastic polymers. A categorization of the
different polymer processing techniques based on their capability
of replicating micro and nano geometries is summarized in the
chart in Fig. 5.
Glass micro structured surfaces can be produced by compres-
sion moulding and they are fabricated almost exclusively for
optical applications (see Section 7.4 ‘Optical components’). Hence,
the surface structuring at micro scale is coupled with very low
surface roughness (Ra < 5–10 nm for optical applications). Glass
micro features that can be produced by replication are micro lenses
arrays (diameter = 100–500 mm, height = 50 mm) [52], ribs
(width = 20–30 mm, height = 0.4–40 mm) [198,204], squared pyr-
amids arrays (side length = 400 mm, height = 170 mm) [204], V-
grooves with pitch = 250 mm and height up to 200 mm [136] as
well as with pitch = 10 mm and height of 5 mm [209]. Surface
roughness in the range from 2–5 nm up to 20 nm can be obtained.
Very recently, micro injection moulding of a glass/polymer
composite followed by a sintering step has been demonstrated
to be an alternative solution to mould micro featured glass surfaces
(ribs with height = 10–40 mm, width = 10–20 mm, aspect ratio up
to 3.4) with optical quality [78].
Metal micro features can be manufactured by surface replica-
tion by thermoplastic forming (TPF) of bulk metallic glass (BMG).
Examples of reported surface metal micro structures produced by
TPF are squared pyramids (lateral dimensions of 8 and 28 mm,
height of 2 and 6 mm respectively) [97] and ribs (width = 600 and
1500 nm, height = 100 and 200 nm respectively) [39]. Experiments
have indicated the possibility of replicating mould surface features
down to the sub-micrometer range using BMG such as
Zr41.24Ti13.75CU12.5Ni10Be22.5. Process parameters as the
temperature of the molten BMG and the moulding atmosphere
were demonstrated having a great effect on the surface feature
Table 3
Characteristics of technologies enabled by surface replication.
Surface manufacture Master making Surface metrology and inspection
Well deﬁned geometries – positive geometry Well deﬁned geometries – negative geometry Random structures vs. well-deﬁned geometrical structures
Low or extremely low surface roughness Low or extremely low surface roughness Surface roughness standards (mm ! nm)
Length scale integration Length scale integration Characteristic dimensions
Surface micro and nano geometries critical,
but also other parameters important
Surface micro and nano geometries critical, but
also other parameters important
Surface roughness (mm ! nm) 100% replication required
Limited areas/large areas Limited areas/large areas Limited areas
Material properties for subsequent replication
Fig. 5. Polymer processing capabilities in terms of micro/nano features vertical
replication at different features’ lateral dimensions according to state-of-the-art
(see references categorization according to processes in the ‘Polymer’ section of
Table 2; soft lithography including both UV embossing and nano imprint
lithography)
H.N. Hansen et al. / CIRP Annals - Manufacturing Technology 60 (2011) 695–714 699
Figure 2.3: Replicati capabili i of polymer processing techniques in terms of
lateral and vertical dimensions [15].
The first phase of µIM history dates back to the 1985-1995 period [3]. In those days,
conventional machines were used for manufacturing macro parts featuring micro
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details. The increasing demand for miniaturized products drove both the academia
and the industry to create new solutions that allowed producing single micro parts.
This started the second phase of µIM development: from 1995 to 2000, dedicated
µIM machines were designed and successfully introduced in the market. Minimum
shot weights were drastically reduced and replication of small features could be finally
achieved.
Nowadays, the µIM market accounts for circa 13 USD billions [16]. In the last five
years, an annual growth rate of 600 USD millions was observed, demonstrating that
the market for the technology is in rapid expansion. The segment with the highest
potential is medical and healthcare, which accounted for 35 % of the total market in
2013 and is on a positive trend [16].
Figure 2.4: Global µIM market revenue in USD million from 2012 to 2020 [16].
Although µIM is mainly employed to produce components made of thermoplastics,
the technology potential has also been extended to powder-based ceramics and
metals [17]. In the present chapter, only the main application of µIM, i.e. polymeric
materials, is considered and discussed.
2.2.1 Micro injection moulding machine
The main idea that allowed the downscaling of conventional injection moulding
machines was the separation of the injection unit in two parts: a screw or a plunger
for plasticizing and a piston for metering and injection. With this new architecture,
the dosing of the polymer melt becomes extremely more accurate, since the sepa-
rated injection plunger is much lighter and more controllable in comparison to the
conventional reciprocating screw. Moreover, µIM machines embed fully electrical
and consequently more precise drives, which allow achieving higher injection speeds
that are important to fill the tiny mould details. The machine itself is smaller and
lighter. Finally, a shorter residence time in the machine is achieved, thus helping in
reducing the risk of material degradation. Due to the small cross section of the micro
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moulded components, the maximum clamping force of these machines is extremely
low, in the order of tens of tons.
Figure 2.5 shows two examples of micro injection moulding machines concepts
developed by famous machine manufacturers: the “MicroPower” and the “formi-
caPlast”, manufactured by Wittmann-Battenfeld (Kottingbrunn, Austria) and Klo¨ck-
ner DESMA (Achim, Germany) respectively. The first has a plasticization screw of
diameter 14 mm, which has the function of melting and homogenizing the polymer,
and an injection piston of diameter 5 mm, which drives the melt inside the cavity
with high speed and pressure [18]. The second has two pistons: one for plasticization
(diameter 6 mm) and the other for injection (diameter 2-5 mm) [19].
The phases of the moulding cycle (see Figure 2.2) are common to both the conventional
and the micro technology.
(a) MicroPower (b) formicaPlast
Figure 2.5: Schemes of two µIM machine concepts introduced by (a) Wittmann-
Battenfeld [18] and (b) Klo¨ckner DESMA [19]. In the second, a plasti-
cization plunger replaces the plasticization screw.
2.2.2 Tooling for micro injection moulding
As all the replication processes, micro injection moulding relies on the availability of
machining technologies for the manufacturing of high accuracy inserts and moulds.
Traditional tooling methods, such as milling or electro-discharge-machining (EDM),
are generally not capable of providing the accuracy required for the production of
micro components. Therefore, new tooling techniques have been developed in the last
two decades in order to meet the new demanding precision and accuracy requirements.
Micro cutting technologies, laser machining, electro-chemical machining, µEDM,
diamond machining and LIGA processes are nowadays commonly employed for the
fabrication of micro moulds.
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Table 2.1 summarizes the most common micro tooling technologies and their capa-
bilities. Each process has peculiar advantages related to the achievable structure
size, tolerance and aspect ratio. For example, ion beam LIGA produces the smallest
structures but, on the other hand, the aspect ratio is limited, whereas x-ray LIGA
manufactures bigger structures but with a much higher aspect ratio. Moreover, not
all technologies are capable of machining a wide variety of materials. A character-
istic that has to be taken into account is the material removal rate (MRR) of the
tooling technique, which is directly connected to the machining time and thus the
productivity. In this regard, micro milling stands out as fastest process [20, 21] and
is thus widely employed in the micro mould making industry when features in the
micrometre range are the target [22, 23]. µEDM is also widely used for manufacturing
moulds having micro-scaled features [24], taking advantage of its thermal nature and
the consequent insensibility to the hardness of the machined material, which turns
particularly useful when a single micrometric accuracy is required.
Table 2.1: Micro tooling process used in µIM and their main capabilities. Adapted
from [4].
.
Tooling tech-
nology
Structure size Tolerance Aspect ratio Materials
Ion beam
LIGA
0.1-0.5 µm 0.02-0.5 µm 1 Any
X-Ray LIGA 0.5-1.0 mm 0.02-0.5 µm 10-100 Electroformable
materials
E-beam LIGA 0.1-0.5 µm n/a 1-2 Electroformable
materials
Femto-second
laser
1 µm <1 µm 1-10 Any
Short pulse
ECM
few microns <1 µm 8 Conductive
materials
µEDM 10-25 µm 3 µm 10-100 Conductive
materials
Micro milling 25 µm 3 µm 10-50 Metals and
polymers
Deep reactive
ion etching
n/a <1µm 10-25 Silicon
When taking into account the mould architecture, one important difference between
IM and µIM concerns the cooling phase. In fact, a complete filling of micro and nano
structures normally requires a very high mould temperature. However, the setting
of a high mould temperature comes with an extended cycle time due to the longer
cooling time. Therefore, new techniques have been developed in order to have a hot
mould during injection and a cold mould during the cooling phase, thus tackling
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this issue. All these methods are addressed as variotherm systems [25], which are
based on a great variation of the mould temperature during the injection cycle (see
Figure 2.6). Different researchers and industries have investigated many heating
methods: convection heating, radiation heating, conduction heating and induction
heating have all been experimented. The employment of the variotherm process leads
to several advantages, such as reduced flow-induced molecular orientation, weld lines
minimization, morphology control and improved replication quality of high aspect
ratio features [25].
In order to counteract damage due to thermal stress, adhesion and friction, which
are particularly severe in µIM, surface coatings can be used to enhance the mould
surface properties and consequently increase its lifetime [26]. Silicone oxide (SiOx),
alumina (Al2O3) and diamond-like carbon can be successfully used as protective
coatings while simultaneously reducing the flow resistance [27].Topical Review
Table 3. Mold temperatures used in microinjection molding versus
conventional ones (SC: semi-crystalline, A: amorphous).
Conventional
µIM mold mold
temperature temperature
Nature Material (◦C) (◦C)a References
SC HDPE 125, 140, 150 30–60 [17, 19, 43, 62]
PBT 120 80 [63]
POM 90 70–90 [64]
PP ≈163 30–60 [65]
A PC 60–140 90–110 [66]
93 [67]
100 [68]
PS ≈163, 175 140 [65, 69]
a From Moldflow R© database.
Table 4. System and heating powers used for mold heating [70].
Power density
Heating equipment (W cm−2)
Electrical resistance heaters 0.5–6
Infrared heating 10–30
Induction heating 5–5×103
where ηT is the viscosity at the temperature T (Pa s), ηT0 is
the viscosity at the temperature T0 (Pa s), E is the activation
energy (J mole−1), T0 is the reference temperature (K) and R
is the gas constant (J K−1 mol−1).
The rapid cooling of the polymer is accentuated in the
case of µIM because of a high contact surface of polymer
with the mold wall [13]. This results in a great increase in
the polymer’s viscosity, which can favor the development of
defects in microparts. Such an effect should be minimized
by increasing the melt temperature or using a higher mold
temperature than those recommended by the manufacturers,
as mentioned in table 3.
As mentioned in table 3, the mold temperature can be
sometimes close to the melt temperature (TM) or the glass
transition temperature (Tg). The heating power needed to heat
the mold has to be accurately defined. The dimensions of the
tool and its nature, as well as the heating time, drive the choice
of a heating device. For example, the heating of a steel plate
with a volume lower than 1000 mm3 from ambient to 200 ◦C
in 15 s requires a heating power situated in the range of several
hundred watts equation (3):
P = MvλV (Tf − Ti)
t
, (3)
where P is the power needed (Watt), λ is the specific heat
(J kg –1K–1), Mv is the density (kg m−3), V is the part volume
(m3), Tf is the mold final temperature (K), Ti is the mold initial
temperature (K) and t is the time (s)
Different heating methods exist to transfer the required
power to the tool, varying from 0.5 W cm−2 to about
103 W cm−2 (table 4).
In the case of µIM’s molds, their weak dimensions allow
the use of a heating system with low power densities, such
as electrical resistances or infrared heaters. Induction heaters
appear to be the most efficient but their implementation is more
complex and the investment important.
According to equation (3), the difference ‘Tf–Ti’ is larger
in the case of µIM, compared to the conventional injection.
Figure 8. Comparison between mold temperature in the classical
and variotherm processes (results from [40]).
Sometimes, the mold temperature can even be close to the
melt temperature (TM) or to the glass transition temperature
(Tg) for amorphous polymers. This leads to an increase in
the cycle time [19]. This effect can be reduced by using a
variotherm process, where the mold temperature varies during
the injection cycle [40]. This is a specific system used by µIM,
and its description is made in the following section.
4.2. Variotherm process
A system defined as ‘Variotherm’ varies the mold temperature
during the injection cycle [40] (figure 8).
As shown in figure 8, the temperature used in the classical
process can be considered as fixed in comparison to the
variotherm process. This system is highly recommended to
minimize the increase of cycle time in microinjection process
due to the high temperatures needed to fill the microfeatures.
The replication of high aspect ratio structures often requires
such a system [17, 42, 43]. According to Hanemann et al and
Heckele et al [5, 71], the implantation of such a system should
be sufficient for the fabrication of microparts with conventional
IM machines.
The advantages of using a variotherm system are
numerous. Indeed, this prevents the material degradation by
decreasing the different injection conditions. The cooling of
material is better controlled and internal residual stresses are
lower [7]. Concerning final products, weld line presences
and short shots are avoided [42]. However, this process
leads to an increase in the cycle time, compared to a fixed
mold temperature, as used in conventional process [40, 43].
The high temperature range variation, from several tens
of degrees to hundreds, can also reduce the mold lifetime
[43, 48]. Materials with a high thermal conductivity should be
preferred for the realization of the mold. This system is still
studied in academic works.
Variotherm molds are custom-built systems. Some
manufacturers propose nowadays this equipment already
implemented into micromolding machines [4]. An overview
of the different systems developed for microparts realization
is given in table 5.
From table 5, it can be concluded that the variotherm
system is still in development, and mainly used in the academic
works. Its implantation should take into account the power
needed to heat and to cool the mold, the mold geometry and
the investment. The most efficient solutions are based on the
methods of gas flame and induction but the implementation
R102
Figure 2.6: Comparison between mould temperature in the variotherm and conven-
tional moulding process [4].
2.2.3 Peculiar flow phenomena in micro injection moulding
As IM is scaled down to µIM, new physical phenomena become important, whereas
they were negligible in the macro scale. They arise because of the conditions
experienced by the polymer melt when flowing in micro and nano geometries and
are particularly important when modelling the process.
A first and major phenomenon that is typical of polymer flowing in micro and
nano channels is th so-call wall slip. In injection moul ing, the wall shear stress
increases with the shear rate. When the wall shear stress exceeds a critical value,
the wall slip phenomenon occurs [28–30], therefore invalidating the classical no-slip
boundary conditions, i.e. a null velocity of the polymer melt on the mould walls. This
is more likely to occur in µIM because of the small dimensions of the channels that
in turn generate extremely high shear rates in the melt [31]. It has been shown that
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the slip condition allows achieving a significant reduction of the injection pressure,
thus increasing the capabilities of the moulding process for the design of thinner
parts [32].
Another physical phenomenon that plays a more important role in µIM than in IM
is related to the surface tension, which depends on the cohesive forces between the
polymer molecules. As the cavity thickness decreases, the contribution of the surface
tension at the melt front increases [33], thus influencing the pressure required to flow
the polymer. In particular, it has been reported that the effect of surface tension
cannot be neglected for channel sizes below 150 µm [34].
Finally, also the viscosity behaviour is affected by the size of the channel in which
the polymer flows. In fact, significant increases in viscosities near the walls of micro
channels (up to 130 % with respect to the bulk viscosity) have been observed. This is
believed to be caused by either the high intermolecular interaction or the immobility
of the molecular layers in contact with the mould surface [28, 31]. This generates
an unbalance of viscosity that should be considered when modelling the material
characteristics for process simulation purposes.
2.2.4 Precision and accuracy of micro injection moulding
As mentioned before, conventional injection moulding machines can be used to
manufacture micro components. This typically happens when small production
batches are needed and the investment cost related to the purchase of a µIM machine,
which is less versatile, is not justified. Therefore, it is worth comparing µIM and IM
when the same geometry is moulded in order to characterize the differences in terms
of replication accuracy and precision.
In literature, no study reports a comparison between IM and µIM based on quantita-
tive dimensional data. In fact, most researchers focused on morphological differences
between micro and macro parts [35, 36], demonstrating that the dimensional scale
of the moulded component strongly affects the size of the crystalline entities. A
study was then carried out in order to investigate the discrepancies between the two
technologies in terms of replication capability [37, 38].
Case study
The investigated micro part was a TPE component used in medical applications.
Figure 2.7 shows the geometry of the micro part, which is cylindrical and has a
through hole generated by a pin coaxial to the cavity. Four diameters are indicated:
outer top diameter (ODt), inner top diameter (IDt), outer bottom diameter (ODb)
and inner bottom diameter (IDb). In particular, ODt and IDb were considered for
the comparison of replication accuracy and precision, while the others, along with
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the two lengths L1 and L2, were used to calculate the volume of the produced parts
for the density calculation. Being the dimensional tolerance specified as ±50 µm for
the diameters and the nominal part mass equal to 20 mg, the component is indeed a
micro plastic part according to the definitions given at the beginning of section 2.2.
The polymer used for both IM and µIM experiments was a Thermolast® grade
from Kraiburg TPE GmbH (Waldkraiburg, Germany) with a nominal density of
0.89 g/cm3.
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Figure 2.7: Micro part used for the comparison between IM and µIM. The mea-
sured dimensions are indicated with their nominal value in mm. The
dimensions used in the replication accuracy comparison are indicated
in red.
Experimental set-up
Conventional injection moulding experiments were performed using an Arburg All-
rounder 270 U machine having an 18 mm diameter reciprocating screw and a
maximum clamping force of 400 kN. This machine is equipped with hydraulic drives.
A two-plate mould with four cavities was used as the master for replication (see
Figure 2.8 (a)). The volume of the feed system was equal to 980 mm3, accounting
for 92 % of the total amount of injected polymer. The use of pin gates allowed to
achieve automatic detachment of the parts from the feed system.
Micro injection moulding experiments were carried out with a state-of-the-art
Wittmann-Battenfeld MicroPower 15 µIM machine (see Figure 2.5 (a)) that employs
electrical drives and whose maximum clamping force is equal to 150 kN. A different
two-plate mould with four cavities was used in this case (see Figure 2.8 (b)). The
feed system was designed with a pin gate and had a volume of 174 mm3 that ac-
counted for 66 % of the total injected amount of TPE. It is clear that µIM allowed
a significant reduction of the material waste (see Figure 2.9), thus representing a
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valuable improvement with respect to production cost reduction. Table 2.2 shows
the setting used for moulding with both the machines. The only difference between
the two set-ups was related to the injection speed. In fact, a higher value was used
with the µIM machine in order to balance for the smaller injection section. It is
also worth noticing that adopting µIM allowed setting a shorter cycle time and thus
increasing the throughput of the process.
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Figure 2.8: 3D views of the feed systems used in combination with: (a) the IM
machine and (b) the µIM machine
Figure 2.9: Comparison of the feed systems used for IM (left) and µIM (right).
Measurements
A precision scale having 0.1 mg resolution (AW220, Shimadzu Corp., Kyoto, Japan)
was used to carry out mass measurements. After discarding the first fifty shots,
ten parts were collected per each one of the four mould cavities and then weighed
for both IM and µIM machines. The 80 moulded micro components were also
dimensionally assessed. In particular, ODt and IDb were measured using a 3D focus
variation microscope (Alicona InfiniteFocus) with a 5× magnification objective (see
19
2 State-of-the-art of micro injection moulding and key-enabling technologies
Table 2.2: Optimized process parameters for IM and µIM.
Process parameter IM µIM
Injection speed/(mm/s) 40 160
Holding pressure/bar 350 350
Melt temperature/◦C 220 220
Mould temperature/◦C 40 40
Cycle time/s 17 8
subsection 2.3.2 for details on the instrument characteristics). In particular, the
top and bottom sides of each part were acquired and then levelled by applying
a 1st order planar correction. This operation consisted of subtracting the planar
deviation, identified as the least square plane fitted to the original point cloud, from
the raw acquisitions. After that, the two measurands were extracted by fitting the
points corresponding to the circles of interest using the image processing software
MountainsMap® (Digital Surf, Besanc¸on, France). Each acquisition was repeated
three times in order to provide statistical robustness to the output. The other
dimensions IDt, ODb, L1 and L2 (see Figure 2.7) were measured using an optical
CMM with 0.5 µm lateral resolution (DeMeet 220, Schut Geometrical Metrology,
Groningen, Netherlands).
Cavities of both IM and µIM moulds were measured with an optical microscope
featuring 2.6 µm lateral resolution (Infinity X-32, DeltaPix, Smørum, Denmark).
ODt was measured on the mould cavities, while IDb on the pins. This procedure was
necessary in order to characterize the replication of the two processes. In fact, the
mould geometries were calibrated and a reference for the replication was obtained.
The effect of any difference among the dimensions of the four cavities was thus
eliminated from the comparison of the two technologies.
Results
The replication accuracy was evaluated with the variable ∆D, which was defined
as:
∆D =
Dpolymer −Dmould
Dmould
(2.1)
where Dpolymer is a diameter measured on the parts and Dmould is the correspondent
geometry measured on the mould. The use of this replication indicator allowed to
get rid of the influence of any deviation between different cavities when comparing
the two processes.
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Figure 2.10 (a) shows the replication results for IDb. In general, µIM allowed
achieving better replication than IM. In fact, ∆IDb was always closer to zero and
therefore the produced parts were more similar to the mould dimensions when using
µIM. This was because the filling phase was more efficient as a result of the faster
injection and the holding phase was more effective due to faster switch-over and
smaller injected volume. Concerning cavity balance, both the technologies resulted
in an accurate multi-cavity replication process: the interval bars overlap for the four
cavities of IM and µIM. Even when considering the precision of the two processes,
µIM was advantageous, being the distribution of all ∆IDb data narrower than for IM
(see Figure 2.11 (a)).
Figure 2.10 (b) shows the replication results for ODt. As for IDb, µIM generally
provided better replication. However, this conclusion is not as straightforward
as before: a certain discrepancy between the different cavities was present for
both processes. In particular, cavities 1 and 3 of IM were replicated with a level
comparable to µIM, while cavity 2 and 4 resulted in a lower replication performance,
demonstrating also the presence of cavity unbalance. µIM also provided results that
varied with the cavity number, though less than the other process. As regards the
precision of ∆ODt results, the distribution resulting from µIM experiments was once
again narrower than that of IM (see Figure 2.11 (b)). Differently from the previous
case, the two distributions overlap, meaning that the replication performance of the
two technologies was comparable.
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Figure 2.10: (a) ∆IDb and (b) ∆ODt results for IM (light blue) and µIM (red). The
interval bars indicate the 95 % confidence intervals for the mean.
When comparing the replication level of IDb and ODt, it is possible to observe that
the benefit introduced by the µIM machine was more pronounced for IDb. In fact,
for ODt, there was not the same replication improvement observed for IDb. This
might have been caused by the fact that IDb was obtained by replicating an internal
geometry (i.e. the pin), while ODt by replicating an outer geometry (i.e. the external
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Figure 2.11: (a) ∆IDb and (b) ∆ODt absolute frequency distributions for IM (light
blue) and µIM (red).
cavity). Thus, the polymer was free to shrink in correspondence with ODt but not
with IDb, since the presence of the pin did not allow a free deformation of the injected
part. A condition of constrained shrinkage typically generates a concentration of
residual stresses on internal geometries (e.g. holes) that increases the shrinkage of
the moulded part once it is ejected. Being the shrinkage amount of IDb substantially
decreased when applying µIM, it may be possible that the use of µIM instead of IM
allowed reducing the residual stresses.
Along with the replication accuracy of IDb and ODt, the density of the parts moulded
with IM and µIM was also determined as the ratio between the measured mass and the
volume. In particular, the volume of a single part was calculated in an approximate
way as:
Vpart = pi
ODt2 − IDt2
4 (L1− L2) + pi
ODb2 − IDb2
4 L2 (2.2)
The results of the density calculations are reported in Figure 2.12. What stands out
is that the parts moulded with µIM had a significantly higher density, closer to the
nominal value of the material data-sheet equal to 0.89 g/cm3. The reason for this
lies in the more efficient holding phase achieved with the µIM machine. In fact, the
scope of this phase is to minimize the shrinkage of the moulded part by decreasing
the reduction of specific volume suffered by the polymer melt. Therefore, a more
efficient holding yields a higher density of the moulded part. The smaller injected
volume played a central role here: being the mould temperature equal in the two
cases (see Table 2.2), the smaller feed system adopted in combination with the µIM
machine allowed to postpone the freezing of the gate, thus leaving a wider window
open for the action of the holding pressure.
As regards the dispersion of the results, it is evident that parts produced with IM had
a more heterogeneous density, proving that the adoption of µIM was also beneficial
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with respect to repeatability. This was most probably caused by the enhanced
precision of the µIM machine due in turn to its electrical drives, lighter injection
piston and more homogeneous polymer melt.
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Figure 2.12: Density calculations for IM (light blue) and µIM (red). The interval
bars indicate the standard deviations of the ten measured parts.
Conclusions
The comparison between IM and µIM based on dimensional and density outcomes
allowed to draw important conclusions on the differences between the macro and
micro scale technologies:
• Adopting µIM instead of IM resulted in a consistent reduction of material
waste due to a smaller feed system (155 mg against 873 mg).
• For the inner diameter IDb, µIM provided a relevant improvement in terms of
replication accuracy and more precise results.
• For the outer diameter ODt, µIM led to an improvement, though less relevant
than for IDb.
• As revealed by the density calculations, µIM produced parts having a higher
and more repeatable density, proving that a more efficient holding phase was
attained with the µIM machine.
These observations clearly demonstrated that, when micro plastic parts are manu-
factured, adopting µIM instead of IM carries substantial benefits with respect to
production quality. This quantitatively proves that µIM is indeed the preferable
choice in terms of product and process performance.
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2.3 Micro injection moulding key-enabling
technologies
A significant challenge introduced by the downscaling of conventional injection
moulding is related to quality assurance. In fact, the dimensional scale of moulded
micro components and the involved tight tolerances (usually in the order of ±10 µm
and below) require extremely accurate and precise instruments in order to verify
the production quality. Assessing surface topography has also become of primary
importance. This particular field has evolved consistently in the last fifteen years [39]
since more and more structured surfaces are needed in the market. Therefore, nano-
metric resolutions and three-dimensional measuring capabilities are both necessary,
and new measuring solutions have been developed accordingly throughout recent
decades [6].
Table 2.3 shows examples of measuring systems used for assessing the quality of micro
moulded parts. Optical instruments are the most common. It is also worth noticing
that all the listed instruments can only perform off-line, i.e. after the part has been
moulded. This limitation is related to the measuring time, which is, in all cases,
much longer than a single moulding cycle, and to the high sensibility to phenomena,
such as vibrations, that are common in a production environment. Examples of
in-line measurements of moulded parts in literature are based on 2D camera systems
and are only applicable to macroscopic components [40].
Table 2.3: Measuring solutions for micro injection moulded components.
Measurand Instrument Reference
Height of micro pillars 3D optical profiler [41]
Height of micro features 3D optical profiler [42]
Surface topography 3D optical profiler [43]
Step height and diameters CMM [44]
Area of pores in a micro filter Confocal microscope [45]
Replication quality Confocal microscope [46]
Height of micro pillars AFM microscope [47]
Surface topography AFM microscope [14]
Height and width of micro features AFM microscope [48]
Weld lines depth Focus variation microscope [49]
Weld lines position Optical CMM [50]
Diameters, widths and thicknesses CT [51]
Dimension of micro pillars White-light interferometer [52]
In general, the instruments used in micro and nano metrology can be classified ac-
cording to their underlying physical principles. Five categories can be identified [6]:
• interferometry
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• microtopography measuring systems:
stylus profilometers
optical instruments
• Scanning electron and scanning probe microscopy
• light scattering methods
• other techniques
Figure 2.13 shows the measurement capabilities of some of the aforementioned
instruments. It is worth noticing that traditional CMMs, which represent the
preferable solution to perform accurate form measurements in the macro scale, are
limited to dimensions above the micrometre range.
surface topography measuring instruments are regarded 
as a whole. Specific instruments may therefore actually 
have capabilities not indicated in the figure. In general a 
variety of 2D and 2½D metrology systems are currently 
available. They are relatively expensive and slow. From 
the standpoints of both robustness and inspection speed, 
metrology systems lack the ability to be used in a 
production setting. Measurement challenge increases 
from left to right and from the top to the bottom of the 
table. The field covered by compact - ultraprecision 
CMMs is highly relevant in industry. Techniques as 3D 
SEM and μ computer tomography are of great interest, 
though their traceability is still not well established through 
universal calibration procedures (please refer to next 
chapter). There are a few truly 3D metrology systems in 
this domain. Full three dimensional characterization in the 
nm regime is not possible through the use of any of the 
reviewed techniques. Figure 18 holds a comparison of the 
discussed techniques in a Stedman-like diagram. 
Figure 17: Classification of equipment. Inspired by [41]. 
Definition of 2D, 2½D and 3D according to section 2.4. 
Figure 18: Measurement instruments for dimensional 
micro and nano metrology. Inspired by [7]. 
4 CALIBRATION AND TRACEABILITY 
Measurement standards and standard instruments have 
turned out to being very important measures for 
establishing reliability and confidence. This seems to be a 
particular challenge and is combined with manifold 
difficulties, because the nanometer range (0.1 nm till 100 
nm) is that area where the atomic world starts and 
continuum mechanics ends. This transient area is the so-
called mesoscopic area, where it is extremely difficult to 
describe the interaction of sensors with the measurand 
precisely. But this is a necessary precondition to derive 
from this interaction correct and reliable measurement 
results. 
The macroscopic world has its own traditions in achieving 
traceability and normally uses artefacts such as scales, 
laser interferometers, stepgauges, ball plates, straight 
edges, optical flats etc. For linear dimensions, gauges or 
laser interferometers are used, for form measurements 
some form standard, if necessary combined with a 
reversal technique. In the microscopic world far less 
standard are in use: step heights, scales, 2D scales, and 
for STM-measurements a crystalline mica or silicon 
surface is usually considered as a suitable calibration 
artefact for achieving traceability.  
In order to illustrate some of the challenges, we consider 
measurement of form accuracy in the mesoscopic world: 
the reversal methods used in the traditional dimensional 
metrol y are practically hardly possible because the 
artefacts cannot be handled so easy or can hardly be 
prepared. For example, there is no microscopic 
equivalent of a straight edge, and though one could 
imagine one, how to calibrate such an object by some 
reversal method is hard to imagine. There is no 
microscopic equivalent of a ball plate that can be 
calibrated by a reversal method as it can not be 
approached from two sides. A 3-flat method for obtaining 
an absolute flatness calibration can hardly be designed in 
a mesoscopic world. Also for linear dimensions: there is 
not yet a microscopic equivalent for a step gauge or for a 
gauge block. The used step heights are equivalent to a 
gauge block wrung on a platen. In the macroscopic world 
that is considered a poor standard as the artefact is 
always approached from the same side and 2-sided probe 
effects do not become visible. Type-D roughness 
standards exist down to Ra = 15 nm, however with a cut-
off length of 80 µm, but these do not exist for a typical 
measurement area of an AFM of 20 x 20 µm.  
Besides those standards made of inorganic materials, 
equivalent standards are very desired for nanotechnology 
in all kind of processes (manufacture, monitoring, 
measurement) of organic materials including living cells in 
special cases [51]. 
Although the issue of traceability has only been 
addressed at a few specialised places, some attempts to 
establish global traceability in the nm-range have been 
made. However, they are mostly focused on SPM. Under 
the consultative committee for length CIPM-CCL within 
the metre convention, four global comparisons between 
national metrology institutes have been initiated on step 
height, line scales as well as 1D and 2D gratings with 
between 11 and 14 participants. Three have been 
finished, and one has been extended to Europe with five 
participants. Some results are given in Figure 19. It shows 
the results for a 1D grating where three techniques were 
employed, namely optical diffraction, optical microscopy, 
and SPM. The comparison demonstrates good 
correspondence between the classical optical techniques 
and SPM and it gives an impression of the uncertainties 
associated with this technique. On a 290 nm grating the 
95% confidence level corresponds to an uncertainty 
U~0.5 nm. 
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Figure 2.13: Capabilities of measurement instruments in the micro and nano
scale [6].
Both focus variation and confocal microscopes are optical instruments and thus
belong to the second class. Optical instruments are relatively new devices that are
often designed for surface topography measurements [53]. Their main advantages
with respect to conventional contact profilometers are contact-less nature, shorter
measuring time and versatility. In particular, the absence of any physical contact
between the sample and the instrument turns very useful when micro components
are the target. Finally, they allow a direct 3D surface texture measurement. In
fact, surface topography can be either described by a profile measurement of by an
areal texture measurement. The first is a mono-dimensional characterization and
its output is a height function z(x) defined across a line on the surface. The second
one is bi-dimensional and describes the surface as a height function z(x,y) defined
across planar coordinates. Only the second type of measurement is capable of fully
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characterizing the topography, having more statistical value and providing a more
realistic 3D representation of the surface [54].
The limitations of optical instruments are mainly related to the optics: different
types of aberration can affect the lenses, while the limited numerical aperture
of the objectives sets an upper limit for the detectable slope of the measured
surface [54]. Another limitation is due to the lateral spatial resolution: the minimum
distinguishable distance on the plane perpendicular to the microscope axis is limited
by diffraction. In other cases, is the pixel size that defines the lateral resolution limit.
An ulterior drawback of optical instruments is related to their complicated working
principles, which often make them a “black-box” for the users. In fact, few existing
models are able to describe the transfer function of these instruments. This is mainly
due to the difficulty of accurately modelling the electromagnetic phenomena involved
in the measurement procedure.
The next sections focus on the typologies of optical instruments that were mostly
used in the project, namely confocal and focus variation microscopes.
2.3.1 Confocal microscopes
Confocal microscopes are optical instruments suitable for 3D measurements of surface
topography. To perform the measurement, the surface of the object is scanned point
by point by a measuring beam and the collected image is filtered through a pinhole
that eliminates out-of-focus light, thus maximizing the quality of the acquisition [55].
This procedure is carried out by a photodetector that provides a high signal when the
surface is on the focal plane. In order to measure the height at each scanned point,
the objective moves along the vertical axis, therefore sectioning the sample with
multiple imaginary planes. For each planar coordinate (x,y), the vertical coordinate
z where the highest of the signals is recorded, corresponds to the height location of
the 3D surface [54].
Several different commercial confocal microscopes exist and they can be grouped
in three main classes: laser scanning microscopes, disc scanning microscopes and
programmable array scanning microscopes [54]. Only the first one is here described
since one of the instruments used in this project belongs to this category.
In a laser scanning confocal microscope, a laser beam illuminates a pinhole whose
image is generated on a point of the sample on the focal plane. The reflected light
turns back and it is imaged on a second pinhole called confocal aperture. Here the
detector records the signal and calculates the height of the measured point [54].
Figure 2.14 illustrates the scheme of this type of system. The size of the pinhole
is an important parameter since it determines the illuminated area on the sample
surface. As light source, a laser with a wavelength as short as possible has to be
used and thus diode lasers are frequently adopted.
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Figure 2.8: Architecture of a laser confocal microscope [5].
completely. The main components of a focus variation instrument are:
 Optical system with limited depth of field
 Illumination source
 CCD sensor to detect focus position
 Driving unit
and they can be easily observed in figure 2.9.
In the same illustration we can also see the secondary components.
Going back to the description of the working principle, the relative movement
between sample and scanning objective creates a change of focus related to
a change of contrast captured by the CCD sensor [5]. Knowing the curve of
the contrast along the vertical axis, it is possible to calculate its maximum
and then obtaining the height of the sample in that specific pixel. In addition
to this, thanks to the presence of the illumination source, the color can be
determined too.
The amount of focus can be evaluated by means of the following general
equation:
Fz [x, y] = FM [regw [Iz, x, y]] (2.3)
where Iz is the content of the image. This quantity represents the input,
together with the plane coordinates, of regw, a region operator. The infor-
mation extracted by this operator is then exploited to calculate the amount
of focus through the focus measure FM [5].
16
Figure 2.14: Scheme of a laser confocal microscope [54].
The main advantage of this type of instruments is the high numerical aperture of
the objective, which determines a high measurable maximum slope of approximately
75° [6]. This characteristic turns particularly useful when complex structured surfaces
are measured. On the ot er hand, the system is s nsitive to vibrations and must be
properly isolated. When measuring smooth tilted surfaces, a tilting stage to restore
the perpendicularity between the surface and the optical axis is recommended [54]. A
crucial point of the measurement procedure is setting the best optical parameters. In
particular, they must be set depending on the nature of the surface: if the material
is very reflective, a low level of light intensity should be selected to avoid saturated
pixels and spikes. Other problems regard optical aberration and diffraction, which
might give an artificial concavity to the acquired surface.
In this project, n Olympus L xt OLS4100 laser scanning confocal microscope was
used to measure surface topography at the nano scale (see Figure 2.15). This
instrument exploits two light sources: a laser having a wavelength of 405 nm and
a coherence scanning interferometer. The data provided by the two sources are
combined into the final acquisition.
Table 2.4 shows the main properties of the microscope for each of its objective lenses.
The declared vertical resolution is 10 nm and equal for all the magnifications.
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Figure 2.15: Olympus Lext OLS4100 microscope [56].
Table 2.4: Main properties of Olympus Lext OLS4100 objective lenses.
Magnification Field of view/µm Numerical
aperture
Working dis-
tance/mm
Lateral resolu-
tion/µm
5× 2560×2560 0.15 20 0.62
10× 1280×1280 0.30 11 0.31
20× 644×644 0.60 1 0.16
50× 258×258 0.95 0.35 0.06
100× 129×129 0.95 0.35 0.03
2.3.2 Focus variation instruments
Focus variation instruments use vertical scanning with limited depth of focus. This
technology is relatively new in the measurement field, and its fast and spread
commercial success is mainly due to the ability to measure both roughness and
3D form [57]. The main components of a focus variation instrument are shown in
Figure 2.16.
The height measurement is carried out by searching the best focus position of the
objective pointing at the sample [54]. The relative movement between sample and
scanning objective generates a change of focus correlated to a change of contrast
captured by a CCD sensor. Once the curve of the contrast along the vertical axis
has been determined, it is possible to calculate its maximum and thus obtaining the
height of the sample in that specific pixel. By repeating this process for each optical
element, it is possible to reconstruct a surface entirely. For each pixel, the amount of
focus can be evaluated by means of the following general equation:
Fz [x, y] = FM [regw [Iz, x, y]] (2.3)
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Figure 2.16: Scheme of a basic focus variation instrument: (1) CCD sensor, (2)
lens, (3) white light source, (4) semi-transparent mirror, (5) objective
lens, (6) sample, (7) vertical displacement provided by the driving
unit, (8) contrast curve, (9) light emitted by the illumination unit,
(10) optional analyzer, (11) polarizer and (12) optional ring light [54].
where Iz is the content of the image, which represents the input, along with the plane
coordinates, of regw, a region operator. The information extracted by this operator
is then used to calculate the amount of focus through the focus measure FM [54].
After this computation, a focus curve is defined: the z coordinate at its maximum is
extracted with a numerical maximization method and the height measurement of the
point is obtained. This procedure is carried out at each pixel in order to completely
reconstruct the surface topography of the sample.
The main advantage of focus variation instruments is their versatility. Due to
their relatively high working distance, complex components can be placed under
the objective lenses. Moreover, these instruments can successfully acquire tilted
surfaces [58], whereas confocal microscope cannot [59], making them suitable also
for the measurement of 3D geometries such as edge radii. Moreover, being the
illumination source a white light, the instrument also provides information on the
colours of the sample. There are two main limitations to focus variation microscopes.
The first is related to the impossibility of measuring translucent and transparent
materials. The second concerns the inferior limit on the detectable roughness: since
the CCD sensor must observe enough contrast to perform a measurement, a very
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small topography variation is not captured. Therefore, these instruments are not
advisable if very smooth surfaces (Ra<100 nm [59]) are targeted.
In this project, an Alicona InfiniteFocus focus variation microscope was used to mea-
sure micrometric geometries (see Figure 2.17). Table 2.5 shows the main properties
of the microscope for each of its objective lenses. The vertical resolution must be set
at the machine interface before each acquisition.
Figure 2.17: Alicona InfiniteFocus microscope [60].
Table 2.5: Main properties of Alicona InfiniteFocus objective lenses.
Magnification Field of view/µm Numerical
aperture
Working dis-
tance/mm
Lateral resolu-
tion/µm
5× 2858×2175 0.15 22 1.75
10× 1429×1088 0.30 16 0.88
20× 714×542 0.40 13 0.44
50× 288×218 0.55 10 0.18
100× 146×111 0.80 3.5 0.09
When comparing the characteristics of the confocal and the focus variation mi-
croscopes, the major notable difference concerns the lateral resolution. Olympus
Lext allows achieving a resolution three times smaller than Alicona, thus being
the preferable choice when finely-spaced surface textures have to be assessed. On
the other hand, the larger working distance of Alicona allows measuring complex
components, whereas only flat specimens can fit under the 50× and 100× lenses of
Olympus Lext (see Table 2.4).
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monitoring in micro injection
moulding
The most recent advances in µIM process optimization and monitoring are presented
in this chapter. As for process optimization, the effects of the main µIM process
parameters on the quality of micro moulded parts are described and discussed. The
statistical optimization approach used throughout this project (Design of Experi-
ments) is also described. As for process monitoring, the main techniques for in-line
µIM monitoring are highlighted, with particular attention to their link to part quality
and thus to their potential use in a product/process fingerprint framework.
3.1 Process optimization in micro injection moulding
Process optimization is defined as the discipline of adjusting a process in order to
optimize a specific set of outputs. In manufacturing, various process parameters can
be tuned to attain a product having the desired characteristics (e.g. physical proper-
ties, geometry, chemical composition, etc.), which represent the outputs. Process
optimization relies on the determination of a connection between process parameters
and the outputs. In order to establish this connection, the effect of the single input
parameters and their interactions must be understood and characterized.
3.1.1 Micro injection moulding process parameters
µIM, as its macro counterpart, has a large number of parameters that can be tuned.
The most important ones are [61, 62]:
• melt temperature, T melt
• mould temperature, T mould
• injection speed, v inj
• holding pressure, phold
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• holding time, thold
The melt temperature is defined as the temperature of the polymer melt entering the
mould. In a µIM machine, this parameter can be typically set at different locations
by means of electric heaters and thermocouples: at the screw, at the metering system
and at the nozzle [46] (see Figure 3.1).
The mould temperature is the temperature of the mould, which can be set on both
fixed and movable halves (see Figure 3.1) and also on the middle plate if a three-plate
system is used. The heating of the mould is typically performed using heating
cartridges since high T mould values are typically needed in µIM. Other solutions
such as convection, radiation and induction heating are also used. The variation of
T mould over a moulding cycle has a big impact on properties such as surface quality,
shrinkage and weld lines [25]. With this respect, conformal cooling channels can be
exploited to reduce the cycle time while, at the same time, keeping a high T mould
during the filling and holding phases [63].
The injection speed is the speed of the injection plunger, which drives the polymer
melt inside the cavity (see Figure 3.1). Its value, along with the plunger diameter,
determines the flow rate and consequently the filling time. As the plungers of µIM
machines are much lighter than the reciprocating screws of conventional machines,
higher levels of v inj are achievable. Typically, a profiled injection speed can be given
at the machine interface in order to balance for abrupt changes of sections in the
cavity.
The holding pressure is the value of the pressure during the holding phase of the
moulding cycle. There are various criteria for defining the switch-over point, i.e. the
switch from the velocity-controlled filling to the pressure-controlled holding. In fact,
it can be based, for instance, on the values of screw position, injection time and
injection pressure [64]. µIM machines are capable of performing faster switch-overs
than conventional ones since the smaller inertia of the injection plunger with respect
to conventional reciprocating screws leads to a shorter response time.
The holding time is the time of application of the holding pressure after the filling of
the cavity has been completed. A longer thold might benefit the part quality in terms
of shrinkage reduction, provided the gate is not yet frozen, happening that makes the
application of phold useless. Being the surface-to-volume ratio of micro components
much higher than that of macro ones, the solidification of the polymer melt happens
much more quickly, thus making the tuning of the holding time particularly difficult.
Therefore, the effect of this parameter is not often investigated in µIM experiments.
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Figure 3.1: Locations of moulding parameters settings in a µIM machine. Adapted
from [46].
3.1.2 Effects of the variation of micro injection moulding
process parameters
As for IM, changing the settings of the µIM process parameters has a big impact on
the quality of the moulded product. Each of the aforementioned parameters has a
distinct effect on the characteristics of the final part.
Melt temperature
The effect of T melt is directly related to the dependence of viscosity on temperature.
Viscosity is the most important property of a polymer melt with respect to injection
moulding applications and describes the resistance to flow [65]. Therefore, a higher
viscosity value leads to the need for a higher pressure to flow the material inside
the mould channels. Being the cavities particularly small in µIM, the reduction of
viscosity is of primary importance to fill the cavity completely. With this respect,
tuning T melt turns useful. In fact, an increase in temperature causes a decrease
of viscosity since the free volume between the polymer molecules increases, thus
lowering the intra-molecular friction [66] (see Figure 3.2). For this reason, setting a
high melt temperature generally facilitates the filling of the cavity. The setting of this
parameter also influences some of the most common defects of moulded parts such
as sink marks, glass fibre streaks, gloss appearance, weld lines, jetting, dark spots
and flash formation [9]. In most cases, selecting a higher T melt helps in reducing the
size of these defects. However, the melt temperature is superiorly limited by the
occurrence of material degradation and thus its value must be optimized within a
limited process window.
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In µIM literature, the increase of T melt has been reported as beneficial for micro
feature replication [67], mass maximization [68], shrinkage reduction [69] and flow
length enhancement [70].
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Mould temperature
In µIM, the cooling of the polymer is more rapid than in IM, since the surface-to-
volume ratio of the produced parts is much higher [4]. This results in a great increase
of viscosity that in turn hinders the complete filling of the cavity. Therefore, having
a hot mould surface is of primary importance, particularly when micro or nano
structures are replicated [41, 47, 48, 52, 71, 72]. A hotter mould surface decreases the
viscosity of the polymer melt at the mould interface, allowing to fill even its finest
details, and, at the same time, delays the solidification of the melt inside the cavity.
The need for a very high T mould leads to settings that are much higher than those
recommended by material manufacturers [73–76], thus pushing the standard process
window to its limits. In certain cases, T mould has been set to values near melting or
glass transition temperature of the polymer i order to accurately replicate micro
structures [77]. The value of the mould temperature also influences the quality of
moulded parts with respect to defects such as sink marks, stress cracks and weld
lines [9].
The effect of T mould on the surface replication is usually greater than that of T melt
in µIM. This has been observed for micro ribs of section 150 µm × 200 µm [78],
micro channels of section 150 µm × 250 µm [79], micro channels of section 70 µm ×
200 µm [45], micro pillars with 4 µm diameter [41] and ripples having 600-900 nm
pitch and few hundreds of nanometres height [80].
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Injection speed
The influence of the injection speed on the moulding process is mostly related to
the shear-thinning behaviour of polymers. At low deformation rates, the entangled
molecules of the material have a hard time sliding past each other [66]. As the rate
of deformation increases, the increased shear stress disentangles the molecules, which
slide more easily, thus decreasing the overall viscosity and consequently the pressure
needed to flow the polymer inside the cavity (see Figure 3.3). Being the shear rate
positively dependent on the injection speed, increasing this parameter reduces the
resistance to flow and enhances the filling performance of the moulding process.
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■ 2.3  Shear Thinning Behavior
To illustrate shear thinning behavior, picture the randomly oriented entangled 
macromolecules depicted in Fig. 2.15. At low rates of deformation, the entan-
gled molecules have a hard time sliding past each other, resulti g in a relatively 
high viscosity. Polymer melts exhibit this behavior over a range of small rates of 
deformation. This constant high viscosity is referred to as a Newtonian plateau, 
depicted in Fig. 2.16. However, as the rate of deformation increases, the corre-
sponding increased shear stress is sufficiently high to disentangle and unravel the 
molecules. The disent ngled molecules can s ide past their eighbors with more 
ease, resulting in an overall lower melt viscosity. This phenomenon is referred to 
as shear thinning behavior, pseudoplasticity, or structural viscosity. Eventually, 
the molecules can no longer stretch out any further. This point is seen in a second 
Newtonian plateau at higher rates of deformation, reflecting the lowest possible 
viscosity.
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Figure 2.15  Molecular structure with increasing shear
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Figure 3.3: Molecular structure of a polymer at increasing shear rates [66].
Increasing the injection speed also helps in counteracting the so-called hesitation
effect, i.e. the solidification of the polymer melt at the entrance of high-aspect ratio
features [81]. In fact, a high v inj reduces the substrate filling time, thus allowing the
melt to flow inside the smallest features. An increase of the mould temperature also
reduces the hesitation by delaying the solidification of the polymer.
Setting a high value of v inj in µIM has been reported as critical for the replication of
micro features such as 3 µm wide grooves having an aspect ratio of 5 [42] and micro
pillars with 100 µm diameter and 400 µm high [67]. Moreover, it also impacts the
mass of the produced component [82]. The value of the injection speed should be set
as high as possible in µIM, keeping in mind that very high flow rates can generate
polymer degradation and cosmetic defects on the surface of the part [83]. Common
defects such as sink marks, colour streaks, glass fibre streaks, Diesel effect, jetting
and surface defects can also be successfully reduced by increasing v inj [9].
channel is dependent on part geometry, cavity configura-
tion and location of ejection mechanism. Thus, variation in
temperature across the moulded part should be expected
depending on the geometry (Greener and Wimberger-
Friedl 2006). Cooling the mould is not always required,
especially when it is desired to keep the mould temperature
above the Tg of the polymer to ensure complete filling of
the mould cavity.
Different techniques have been suggested to decrease
the effect of shrinkage. One method is to increase the
amount of holding pressure, which, on the other hand, will
also increase stresses inside the part (Giboz et al. 2007).
Another technique is to have a long cooling time (i.e. to
allow the part to thermally equilibrate inside the mould
cavity). This allows the temperature to be approximately
uniform. For precision moulding in particular, the part is
likely to distort because of lack of homogeneity in
shrinkage, which is likely to occur if the cycle is terminated
before the thermal equilibrium is reached, i.e. the part is
ejected before its temperature is reduced to the ambient
temperature (Greener and Wimberger-Friedl 2006). Again,
a trade-off of this technique would be an increased cycl
time.
It should be noted that shrinkage is not identical
throughout long runs. Therefore, moulded parts that need
to be assembled in subsequent stages should be placed on
the same mould (Heckele and Schomburg 2004).
In addition to shape-changes, demouldability of injection-
moulded components is also affected by the geometrical
structure of the component. Similar to conventional mould-
ing, micromoulded parts should be designed to allow for
part ejection from a two-half mould. Most microfluidic
applications possess an undercut-free 2-D geometry that is
relatively simple to demould. For more complex three-
dimensional (3-D) shapes (or shapes with integrated func-
tional elements) injection moulding would not be applicable
unless significant changes are made to the mould structure or
subsequent assembly steps are integrated in the production
process.
Another geometrical consideration for successful de-
moulding is the existence of draft angles. Draft angles and
side-wall roughness need to be considered to ensure that
the moulded plastic can be demoulded (Fig. 1). A positive
draft angle of greater than  has been proposed for
demoulding in plastic injection moulding (Yu et al. 2002).
2.2 Minimum channel dimensions and maximum
aspect ratios (AR) for microfluidics
Section 2.1 presented design for-manufacturability criteria
common for injection moulding processes. This section
focuses on geometry-related design criteria specific
for injection moulding microfluidic devices. Careful
cons derations should be given to th channel dimensions
to ensure the complete filling of the mould cav ty. Poly-
m ric melts ca accurately fill micr feature in the
order of hu dr s of nanometres. Th refore, the minimum
mould ble dimensions will be etermined by t tool-
manufacturing capabilities. Because mi romoulding is
under continuous development, it is not possible to specify
a size limit below which microfeatures can no longer be
replicated successfully. Nevertheless, it has been reported
in the literature that it is possible to replicate surfaces with
a squares pattern having widths as small as 310 nm and
heights of 220 nm (Pranov et al. 2006). In addition, optical
grating elements of parallel walls having a thickness of
200 nm and depth of 1,600 nm has also been fabricated
(Wimberger-Friedl 2000).
The ‘‘hesitation effect’’ is a phenomenon that can occur
during the filling of polymers, and is common when an
injection-moulded part contains different thicknesses (Yao
and Kim 2002a). As shown in Fig. 2, this effect takes place
when high aspect ratio microstructures (usually larger than
2) are placed on a relatively thick substrate, which is the
ca e for microfluidic devices.
The polymeric melt tends to fl w more easily into
mould cavities with relatively lower resistance areas, i.e.
areas of greater cross section. Thus, the melt tends to fill
the substrate completely before entering the micro-struc-
tured features (i. . the flow st gnates at th entrance of
micro-structures). This results in p emature freezing
bec use the filling time of the substrate is usually greater
than the freezing time of the micro-feature.
Fig. 1 A micro-channel with a positive draft angle (nominal
dimensions and actual channel) (Yu et al. 2002)
Fig. 2 Hesitation effect in high aspect ratio micro-cavities (Yao and
Kim 2002a)
6 Microfluid Nanofluid (2009) 7:1–28
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Figure 3.4: Hesi ation effect in high aspect ratio m cro fe tures [81].
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Holding pressure
The holding pressure acts in the second phase of the moulding process when the
cavity is almost filled. A phold increase typically leads to shrinkage and warpage
reductions. This effect is strictly linked to the freezing of the gate: once the gate
has solidified, the effect of phold is totally null. A faster injection, which delays the
gate freezing, is therefore very important to make the holding pressure effective. In
µIM, where the part represents only a minimum fraction of the injected volume, phold
variations can impact the filling performance significantly.
In µIM, increasing the value of phold influences micro features replication [42], mass
of the moulded parts [68, 82], dimensions of the final products [61], shrinkage [84]
and magnitude of the ejection force [43].
3.1.3 Optimization of micro injection moulding process
parameters using Design of Experiments
The first step of an optimization phase is the definition of inputs and outputs. In µIM,
the input variables are typically the aforementioned process parameters. As regards
the outputs, many can be considered, e.g. shrinkage [69, 85], height of replicated
nano pillars [47], weld line position and orientation [50], height of replicated micro
grooves [86], demoulding force [87] and flash size [70]. It can be noted that, in most
cases, the output is a dimensional characteristic, since the most common optimization
in µIM is carried out with respect to the dimensional quality of the moulded part
with the final aim of meeting the design specifications.
Considering that many process parameters impact the quality of moulded parts and
complex correlated physical phenomena are involved, numerical models based on
process simulations can hardly provide the link between input and output variables.
Moreover, multiple quality criteria may have to be assessed simultaneously. Therefore,
empirical approaches based on statistical models are the most common way to tackle
the optimization problem. Among them, artificial neural networks (ANN), regression
analysis and Design of Experiments (DoE) are used [88].
DoE is the most common tool applied in µIM experiments [43, 46, 67, 68, 78, 84,
89–92] since it is capable of providing results that can be easily interpreted and
allows to draw clear conclusions on which process parameters are important for
the considered outputs. DoE was born as a method for analysing multivariate
experiments, where the effects of multiple factors had to be investigated at the same
time and thus comparisons based on simple statistical tests were hardly applicable [93].
The statistical framework of DoE is the Analysis of Variance (ANOVA). This method
was developed by Sir Ronald Fisher in the 1920s and was first applied to agricultural
experiments.
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The first step of ANOVA is the definition of a linear regression model, which consists
of the appropriate selection of the predictors among the input variables and their
possible interactions. In the ANOVA, the total variance of the model is partitioned
into different sources of variation, namely the one introduced by pure variability
(referred to as “error”) and the one caused by the variations of the level of the various
factors (i.e. input variables or process parameters). These two contributions are
mathematically described by two different sums of squares (SS). These two SS values
are evaluated by considering their ratio, which has a Fisher distribution and can thus
be used in a robust F -test with the null hypothesis stating that all means are equal,
i.e. the experimented factors have no influence on the output. The result of the test
allows determining whether the variation induced by the factors is more important
than the random variability represented by the error (i.e. the factor is significant with
respect to the selected output) or vice versa [93]. The results are usually summarized
in the ANOVA table, which displays the SS of the error and of each factor as well
as the result of the F -test in terms of p-values. Once the influencing factors are
identified, their value can be tuned in further experimentations in order to optimize
the level of the significant process parameters. As the mathematical formulation
of ANOVA becomes more and more complex with increasing number of factors,
dedicated software tools such as Minitab [94] were developed to simplify the analysis
procedure.
Among the numerous experimental configurations under the DoE umbrella, the
two-level factorial designs (2k plans) deserve a special mention. In this experimental
design, k factors are varied on two levels, usually referred to as “low” and “high”.
This scheme is particularly useful at the early stage of experimental work when many
factors are likely to be investigated [93]. Consequently, 2k plans are widely used
in µIM, where typically up to 4 input variables must be investigated along with
their interactions. In some cases, the adoption of a fractional design can turn useful
to reduce the number of experimental runs. However, the resolution of the plan
decreases leading to the aliasing between main effects and interactions [93].
The most useful graphical tools to illustrate the results of a DoE campaign having
more than two factors are main effects plot, interaction plot and Pareto chart of effects.
The first depicts the mean levels for all the experimented factors, thus providing a
clear visual comparison between the effects of different process parameters as well as
the sign of the variation induced on the response variable. When this tool is applied
to µIM and a dimensional geometry is the output, it is very important to include
the measurement uncertainty in the main effects plot [50]. The uncertainty U is a
parameter used to characterize the dispersion of the values that could be reasonably
attributed to the measurand [95] and assumes more relevance in combination with
micro products. The uncertainty, which is depicted as interval bar (see Figure 3.5),
could in fact partially or totally hide the effects of the experimental variables on the
measured output, thus changing the conclusions of the data analysis.
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The interaction plot shows the relationship between two factors, by displaying the
levels of one factor on the x-axis and separate lines for the means of each level of the
other factor. The interpretation of this graph is rather simple: parallel lines reveal
that there is no interaction. On the other hand, if the lines are not parallel, a certain
interaction exists between the two considered factors.
Finally, the Pareto charts of effects is a graphical tool capable of summarizing the
findings of the ANOVA table. In particular, it shows the absolute value of the
standardized effects of the factors that are included in the model. These effects are
plotted in the form of a histogram with a reference line representing the significance
level above which the effects can be considered as significant based on the F -
test of ANOVA. Therefore, just by looking at this graph, it can be determined
which parameters have an impact on the output of the experimentation. The
measurement uncertainty can be included in this type of plot in form of interval
bars for each effect (see Figure 3.6) by assuming that the response values follow a
normal distribution with mean and variance equal to the measurand value and its
uncertainty respectively [50].
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Figure 3.5: Example of uncertainty applied to the main effect of injection speed in
a flow front position analysis [50].
equipment and procedure and, on the other, that still gives
reliable results in this particular DOE analysis. A series of
DOE analysis has been carried out first with results from
the actual measurements (as previously described) and later
on by increasing the uncertainty performing a parametric
study. The effect of an increase of the measuring uncer-
tainty U (from 12 to 40 μm) on the DOE analysis is
simulated and shown in the chart depicted in Fig. 23.
As a consequence of the increased uncertainty, three
distinct phenomena can be observed:
& The COU of a significant factor (Tmould) increases from
11.2% to 31.1% and the effect range partially overlaps
the reference line of significance (solid lines represent
the range of reference line for the experimental case,
dashed lines are related to the simulation).
& The threshold of significance indicated by the reference
line increases. A lower accuracy on the measurement
brings, as consequence, a loss of significance of the
experiment. It could happen that significant factors have
t eir effect hidden by the scatter induced by the
measurem ts.
& The range of the reference line increases at the increase
of the measuring uncertainty. It makes more probable
the overlap between the reference line range and the
uncertainty bandwidth, with consequent loss of confi-
dence of the experiment.
A thr shold value of the COU of approximately 30% has
been found to be the limit for a significant factor (from a
conventional Pareto analysis) before having its effect
(enlarged by the uncertainty) overlapping the reference line
range (considered with its variability). Therefore, it could
b concluded that a COU lower than 30% is a pre-requisite
to fulfil in order to obtain reliable and accurate results from
the DOE analysis.
6.3 Uncertainty applied to main effect plot
The measuring uncertainty can also be applied to the main
effect plot. This analysis clearly shows that the significant
factors with low COU have their uncertainty ranges not
overlapping proving the reliability of the result of the
design of experiments analysis (see for example Tmould and
Inj.Speed in Fig. 24).
7 Discussion
The result of the statistical analysis is that the final position
of the flow front at the end of filling could be extended by
increasing the temperature of Tmould and Inj.Speed. On the
oth r h nd, increases of temperature of Tmelt and Ppack do
not influence significantly the filling behaviour.
These findings are in accordance with results obtained
by analysing the behaviour of melt flow in a thin-walled
micro-part (width and length = 4 mm, thickness = 200 μm)
using a high-speed camera applied to the cavity (i.e. flow
visualisation test) [21]. In this research, it was found that
Tmould and Inj.Speed were the most effective parameters for
the filling of the micro-cavity and they had a greater
effected if compared with Tmelt. However, in [21], a
different polystyrene grade (CHI MEI PG-22) was
employed for the experiments instead of BASF 143 E,
which was used in the present investigation. Despite the
fact that the two materials are supplied by two different
manufacturers, their rheological behaviours were verified to
be very similar. In fact, the rheology data of both polymers,
measured with a capillary rheometer (supplied by the
respective material manufacturers), were compared on a
typical viscosity vs. shear rate plot, and the curves were
found to be almost identical (see Fig. 25). In conclusion,
the rheological similarity between the two polymers could
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3.2 Process monitoring in micro injection moulding
Process monitoring plays an important role in any manufacturing process since
measuring the operating conditions helps in detecting any drift in the process
performance, which may have an influence the quality of the final part [96]. This real-
time characterization becomes even more important in µIM, where small variations
of process conditions can have a significant influence on the outcome [14]. Therefore,
the information provided by in-process measurements is an extremely powerful tool
to optimize the process.
Process monitoring of µIM covers a variety of monitoring techniques since multiple
variables act simultaneously during moulding. All of these are based on the use of
recording elements that must have a very fast response in order to cope with the
fast evolution of µIM [96]. In particular, µIM monitoring can be divided into two
branches: one based on the use of sensors and the other on the use of flow-visualization
systems.
The most important variables of µIM that are monitorable by means of sensors
are [96]:
• volumetric flow rate
• temperature
• pressure
The flow rate is related to the shear stress and consequently to the viscosity of
the polymer melt (see subsection 3.1.2). Most of the commercial machines directly
perform the measurement of the injection speed without the use of external sensors.
In order to verify the performance of a µIM machine, Whiteside at al. [97] placed
an external laser displacement sensor to monitor the position of the plunger of a
Wittmann-Battenfeld MicroPower 15 µIM machine. With this sensor, they were able
to calculate the real injection velocity and compare it to the one set at the machine
interface, thus verifying the machine performance.
Temperature monitoring in µIM is a powerful way to capture the thermal history of
the polymer melt, which greatly impacts the flow length [98] as well as the molecular
structure of the moulded part. Temperature measurements can also be used to
characterize the thermal resistance at the polymer-mould interface [99]. Typically,
contact thermocouples and infrared (IR) sensors are the preferred choice to measure
the temperature in various positions of the mould [96]. Contact thermocouples can
be easily mounted within the mould and put in contact directly with the polymer
melt. The major disadvantage of these sensors is the high thermal inertia of the
metallic elements that causes a relatively slow response to temperature variations.
IR sensors are, on the other hand, more responsive to temperature changes but need
a specific calibration for each moulded material and require a more complex mould
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architecture [100]. Moreover, most polymers are quite transparent in the IR region
(wavelengths in the 1.5-5 µm range), posing challenges in the determination of the
exact melt temperature.
3.2.1 Pressure monitoring using sensors
Pressure monitoring is the most commonly employed µIM monitoring method based
on the use of sensors. The pressure is, in fact, the driving force that pushes the
polymer melt inside the cavity, and thus carries valuable information on filling time
and viscosity. The phases of the moulding cycle can also be evaluated by examining
the recorded pressure curves [101] (see Figure 3.7), providing useful insights on how
the process is performing and on its repeatability. Typically, piezoelectric transducers
are used in µIM given their short response time and high resolution [96]. They are
typically mounted flush with the cavity surface in order to record the pressure of the
melt when it encounters the sensor front face [41, 102]. This practice is referred to as
direct measurement of the pressure. In other cases, a piezoelectric sensor is used in
an indirect measurement of the pressure by placing it behind one of the ejector pins,
thus allowing also the measurement of the ejection force [21, 103]. When very small
components are moulded, given the size of conventional piezoelectric transducers (see
Figure 3.8), it may not be possible to use them without drastically changing the cavity
shape and consequently the part design [46]. A possible solution to this problem is
monitoring the pressure at the injection plunger (the so-called hydraulic pressure
in IM). This quantity is always stored in the machine data and can be extracted
without using any external sensor. The drawback of this approach is the discrepancy
between the cavity and the hydraulic pressures due to pressure losses generated
within the nozzle and the feed system and to the high compressibility of polymer
melts. Therefore, this type of pressure measurement might not be representative of
how the polymer is behaving inside the cavity.
the molded part [3, 24–27]. The sensor types include the
frequently used contact type, noncontact type [28–31], and
even a wireless type of sensor [32–36]. The above studies
used different types of sensors, mostly flat specimens in the
same thickness for research, while seldom discussing the
molded part in nonuniform thicknesses. The injectionmolding
process often uses direct cavity pressure for real-time moni-
toring and control, as the cavity pressure has higher accuracy
than the pressure in other positions, e.g., pressure of hydraulic
line or injection nozzle [37]. Installing the cavity pressure/
temperature sensor in the cavity can obtain an accurate history
profile; however, the molded product of the cavity will be
faulty. If the sensor is installed in an appropriate runner
position to obtain a history profile approximating that of the
cavity, it not only monitors the process, but will also increase
productivity. In addition, for small products, the pressure
sensor cannot be installed in the cavity, but in the runner;
however, the internal geometric appearance of the runner is
apparently different from the cavity. Therefore, this study
attempts to determine the appropriate position in the runner
for installing a pressure sensor, which can represent the posi-
tion in the cavity in order to implement monitoring, control,
and increase productivity.
2 Cavity pressure
Considering the increasing demand for high-quality injection
molding, the cavity pressure and temperature control of an
injection molding machine are crucial technology; however,
only the pressure profile can continuously describe overall the
filling, compression, packing, and cooling stages. The cavity
pressure is closely related to the features of a molded part,
such as weight, crystallinity, flash, shrinkage, and warpage
[38]. Therefore, recording the cavity pressure not only guar-
antees product quality but also monitors the tolerance limits.
Typical and constantly recurring characteristic points along
the cavity pressure profile are as shown in Fig. 1 [5, 38]. The
figure indicates the pressure commutation point related to the
different stages, while the cavity pressure profile reflects the
entire injection molding process. The cavity pressure profile at
the near gate is divided into four stages: filling, melt compres-
sion, packing, and additional cooling stages. There are three
commutation points: filling end (volumetric filling), maxi-
mum cavity pressure, and gate sealing. The volumetric-
filling point represents the position where the pressure rises
sharply. When the melt is injected into the cavity end, the melt
is compressed, and the cavity pressure reaches its maximum.
After packing and cooling time, as molded part’s surface is
solidified, the pressure gradually decreases. In summary, the
cavity pressure profile is in close relation to the position of the
sensor in the cavity [14–16, 23, 39].
To achieve precision control, the hydraulic injection mold-
ing machine used servo valves within which an electrohydrau-
lic system offers the advantages of both electronic and hy-
draulic systems. Themerits of thesemachines include superior
control accuracy, larger power output, and higher response
speed; the system has been widely used in the injection
molding machine for precision position control. Kamal et al.
[40] and Abu Fara [41] have developed cavity pressure
models for the cavity pressure history of an injection molding
process. A deterministic (step) test was implemented in the
injection molding machines with electrohydraulic systems,
and pressure sensors were installed at different locations in
the mold cavity of a rectangular plate. Similar cavity pressure
history was obtained, and a time delay in the response was
observed as a result of the percent change in the servo valve
opening during the injection molding process.
Curve fitting is conducted according to the cavity pressure
profile obtained from the experiment; thus, the cavity pressure
model of the near gate at the filling stage based on various step
changes in the servo valve opening can be obtained. In com-
parison to the first-order model, the second-order model has
better accuracy; however, the difference is slight. Therefore,
the simple first-order plus a time delay model superimposed
on a constantly increasing (ramp) pressure component of the
form is reasonably expressed, as follows [40, 41]:
Pc tð Þ ¼ K1t þ K2 1−e− t−Dð Þ=τ
 
ð1Þ
where Pc=cavity gate pressure, psi; K1=ramping slope, psi/s;
K2=process gain, psi/% change in valve opening; τ=process
time constant, s; and D=time delay, s.
In addition, the cavity pressure at the packing stage, based
on various step changes in the servo valve opening, can be
expressed by the power law:
Pc tð Þ ¼ K 1−e− t−Dð Þ=τ
 
ð2Þ
where Pc=cavity gate pressure, Pa and K=process gain, Pa/%
change in valve opening.
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Fig. 1 Cavity pressure profile at the near gate
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Figure 3.7: Typical trend of injection pressure at the gate measured by a pressure
sensor [101].
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remains constant. Piezoresistive sensors avoid this problem by exhibiting a change 
in resistivity when a force is supplied, which can be recorded using a very simple 
electronic circuit. They are similarly fast to respond too, but are generally a little 
larger (typically 4–10 mm diameter) than their piezoelectric counterparts, which 
makes them less well suited for micro molding applications. In practice, the typi-
cally short cycle times of micro molding processes (typically sub-5 s) make them 
an ideal process for the adoption of piezoelectric sensors anyway.
Figure 2.3 Kistler 6182 and 6183 piezoelectric pressure sensors
There are a number of ways in which piezoelectric sensors can be integrated into a 
micro molding tool. The simplest (and most common) is to mount the sensor flush 
with the cavity mold surface, where it can directly record the pressure encoun-
tered at the front face during cavity filling [9–11]. This is typically referred to as a 
direct measurement and two examples can be seen in Figure 2.3. However, some-
times the physical size of the sensor can restrict the number of locations where a 
sensor can be placed and an alternative strategy needs to be sought. One solution 
is to simply measure the force behind one of the ejector pins in the cavity; so spe-
cial piezoelectric measuring sensors exist for this purpose. They simply measure 
the force transmitted by the pin, so it is trivial to convert this to an actual pressure 
measurement if the surface area of the tip of the pin is known. This is called an 
indirect measurement.
In some rare cases, neither of these techniques may be possible and more imagina-
tive solutions are required. In some cases, a soft sensor (or virtual sensor) ap-
proach may be employed, where a measurement could be recorded away from the 
area of interest, but can be related to the required measurement through the use of 
a mathematical model or numerical simulation of the system. An example would 
© 2018 Carl Hanser Verlag. All rights reserved. 
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Figure 3.8: Piezoelectric pressure sensors (Kistler 6182 and 6183) used in µIM
monitoring [96].
In µIM literature, many phenomena have been thoroughly investigated usi g data
derived by real-time pressure me surements.
Griffiths et al. examined the effects of the main µIM parameters on the cavity
pressure measured indirectly with a transducer placed behind the ejector pin when
moulding a microfluidic platform in PP, ABS and PC [92]. From the monitored
curves, they extracted various indicators such as maximum pressure, slope of the
pressure and integral of pressure over time. These variables were dependent on both
materials and processing conditions. In particular, T mould, v inj and phold had the
biggest influence, demonstrating that tuning µIM has a significant impact on the
polymer melt conditions.
In another study by the authors, the dependence of the ejection force and cavity
pressure on µIM paramet rs as investigated with a pressure sensor placed behind
the ejector pi when moulding a micr fluidic part in COC [87]. The injection pressure
was also monitored with a transducer loc ted behind the injection plunger. The
results showed that there was a great positive correlation between integral of the
pressure over time (i.e. the pressure work) and the maximum ejection force needed
to eject the part from the cavity. It was also shown that, in order to minimize the
ejection f rc and consequ tly the risk of damaging the part, the low levels of T melt,
T mould, v inj and phold had to be selected.
Mendibil et al. examined the effects of µIM parameters on pressure signals in different
mould locations while moulding a part with micro pillars in POM [46]. In particular,
signals acquired in the cavity and runner locations were compared with the quality
of the replicated pillars, which was evaluated in a qualitative way with confocal and
SEM images. It was shown that higher pressure signals led to a higher probability
to produce well-replicated parts. Moreover, the authors demonstrated that the
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signals provided by the sensor arranged in the cavity were more sensitive to process
variations than those acquired at the runner location.
In µIM research, pressure signals derived from piezoelectric transducers have also
been used to numerically determine the heat transfer coefficient for different mould
coatings [27]. In particular, the HTC value was calculated by fitting simulated and
experimental pressure curves for an open flow micro channel with thickness varying
from 400 to 800 µm moulded in PS and PET.
Chen et al. used pressure data gathered with pressure transducers in an in-house
melt viscosity measurement system for POM flowing in 150 to 300 µm thick micro
channels [34]. In particular, the pressure drop measured over the micro cavity
allowed to calculate the viscosity using capillary and slit flow models, which was then
compared to measurements performed with a conventional capillary rheometer. The
results showed how the melt viscosity obtained using the traditional instrument was
5 to 35 % higher than that characterized by means of the in-house system developed
by the authors.
A piezoelectric sensor applied at the injection location was used by Tosello et al. [104]
to validate µIM simulations applied to a micro tensile test bar in PS. Simulated and
real injection pressure profiles were compared in order to identify the most suitable
material model in the simulation domain. Moreover, consecutive short-shots were
directly correlated to the injection pressure profile, showing that monitoring the
pressure is crucial to characterize the filling performance of the moulding process.
The state-of-the-art of µIM monitoring based on the use of sensors still lacks a
study dedicated to the correlation between recorded signals and replication quality
of the moulded parts. This thesis had the aim of extending the state-of-the-art by
investigating such correlation and exploit it in an in-line quality assurance strategy
based on the product/process fingerprint framework.
3.2.2 Flow visualization systems
One disadvantage shared by all monitoring strategies based on the use of sensors
is that they offer a single point of measurement [96]. This represents a limitation
in terms of process characterization since a wider picture of what is happening
in the cavity during moulding can turn very useful. A possible solution to this
issue could be collecting data using multiple sensors placed in various locations.
However, this strategy requires heavy modifications of both mould and part design
and still provides a quite discrete characterization of the polymer melt behaviour.
To tackle this challenge, the most promising solution is the use of imaging devices to
directly visualize what is happening in the mould cavity in terms of polymer melt
displacement [96]. By doing this, a visual evaluation can be performed and a larger
amount of data can be gathered than when using single sensors.
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There exist some expedients to be adopted when setting up a flow visualization
apparatus. The mould must, in fact, have a lateral opening to allow the access for the
imaging device [105]. Behind the opening, a reflective mirror is then used to image
the cavity through a glass window that can cover the entire side of the mould (see
Figure 3.9) or just the cavity. The window material should be selected by considering
its transparency to IR ranges and thermal properties. With this regard, sapphire
represents the preferred choice for its high mechanical properties and similarity to
the thermal behaviour of tool steels in terms of heat capacity and HTC [96].
Since cavities in µIM fill in few tenths of milliseconds, an optical system capable of
performing very high-speed acquisitions is needed to capture the evolution of the
process. Typically, frame rates in the order of 102-104 frames per second are used [3].
Along with the acquisition speed, also the field of view, the resolution and the
sensitivity should be considered when selecting the appropriate visualization system.
In particular, the size of the field of view defines what portion of the cavity can be
imaged. The spatial resolution, which is determined by the pixel size, should be high
enough to distinguish the details of micro cavities. As regards the illumination, the
coaxial “through the lens” technique is often used [96]. This method relies on the
use of an optical element that is capable of both transmitting and reflecting light: a
half-silvered mirror normally serves this purpose.
FIGURE 6-11 Series of short shots of a thin wall micro-molded part with micro-features [8].
FIGURE 6-12 Schematic diagram of a machine equipped with a glass mold cavity and a flow visualization set-up.
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Figure 3.9: Scheme of a mould system equipped for flow visualization [3].
High-speed infrared cameras can also be employed for flow visualization. These
systems provide information not only on the filling pattern but also on the temperature
field in the cavity over time [106] (see Figure 3.10). Infrared cameras must be
calibrated by imaging a surface at a known temperature through the entire optical
system, including the reflective mirror and the glass window. The polymer melt
material also has an influence on the temperature output, since, as previously
mentioned, most polymers are quite transparent in the IR region. The addition of a
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fraction of carbon black material to the polymer has been reported as beneficial in
this regard [106], even though this procedure changes the properties of the melt and
consequently of the final part.
The black arrow shows the temperature before the injection, i.e.
the mould temperature. These two curves cannot be compared
directly, because with higher injection speed polymer melt reaches
the centre of the cavity faster, so that peak temperatures are mis-
aligned. To compare cooling curves directly they were aligned to
their peak temperatures, therefore t = 0 is at the peak temperature
measured.
The peak average temperature measured is nowhere near th
melt set temperature of 220 C. The melt touches the cold surface
and cools down extremely rapidly. This can also be observed dur-
ing cavity filling shown in Fig. 4 which shows a line profile across
the region of interest. The difference between the flow front and
material approximately 2 mm behind is nearly 20 C.
Another interesting observation is that flow front temperature
decreases further as it moves into the cavity. Fig. 5 shows eight
frames captured during the filling centre of the cavity. In the graph
line profiles are plotted together with the maximum temperature
values. The geometry of the part is 16.6 mm diameter disk and
what is plotted is an area in the centre of the disk (H = 1.92, W =
2.4 mm). This suggests that the temperature of the flow front is
higher when it just starts filling the cavity. This is because thermal
contact between the melt and cavity surface is initially poor and
improves as the polymer fills the cavity.
3.2. Effects of processing conditions
The Minitab 16 analysis software was used to perform a statis-
tical analysis of the peak surface temperature data. Significant
effects were analysed depending on the temperature of the poly-
mer at different time steps which are t = 0 s (peak T), t = 0.25 s, t
= 0.5 s, t = 1 s, and t = 1.5 s. The Pareto chart shows that the most
influential process parameters on the peak temperature during fill-
ing were injection speed, melt temperature and mould tempera-
ture, shown in Fig. 6 (left). Injection speed was found to be the
most significant factor during filling for both materials CB PS and
CB PP.
Fig. 6 (right) represents Pareto analysis of polymer temperature
(CB PS) during cooling or at t = 0.25 s. With a confidence limit of
95%, it shows that mould temperature and melt temperature are
both statistically significant parameters with the mould tempera-
ture being the most influential.
The main effect plot for the four factors (Melt T, Mould T, injec-
tion speed and Packing pressure) and two-levels for each factor for
a range of surfaces, polished sapphire, 1 mm sapphire, 4.2 mm sap-
phire, 15 mm pillars sapphire and 30 mm pillars sapphire were also
analysed. At t = 0 the effects of melt temperature, mould tempera-
ture and injection speed are clearly visible. The analysis of the tem-
perature at t = 0.25 s, t = 0.5 s, t = 1 s, and t = 1.5 s suggests that
mould temperature is the most influential parameter on polymer
cooling for all the surfac s. Melt temp rature is less significant,
whereas injection speed and packing pressure remain virtually
the same when comparing low and high levels as shown in
Fig. 3. Surface temperature curves recorded with the IR camera. t = 0 s at the start
of injection.
Fig. 4. Temperature distribution of a single line of pixels (inset) plotted as a
distance from the left edge of the acquisition window.
Fig. 5. Temperature distributions of pixel contours as defined in Fig. 4 for multiple frames recorded during cavity filling.
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Figure 3.10: Temperature distribution in the cavity at sequential time frames
gathered with a high-speed infrared camera [106].
Flow visualization set-ups are rarely adopted in the industry because complex and
expensive acquisition systems along with extensive mould modifications are needed.
Moreover, the moulded component must have a relatively extended flat surface that
is generated by the glass window through which the cavity is imaged.
In µIM research, flow-visualization systems have been used for various purposes.
Han et al. [107] used a light-reflection method and a mould with a glass insert to
visualize the flow of PMMA while filling micro grooves having a pitch of 100 µm and a
height of 50 µm. They tested the effect of the variation of mould temperature, cavity
thickness and injection rate on the flow development and the final replication of the
micro features. It was demonstrated that the groove layout had a big impact on
the filling. In particular, the parallelism between the grooves and the flow direction
maximized the filling performance of the process.
Sorgato et al. [108] investigated the effect of air evacuation on the cavity temperature
of COC using a high-speed infrared camera and a mould equipped with a sapphire
window. It was shown that temperature curves extracted by thermal acquisitions
had two peaks, the first related to the burn effect caused by rapid air compression
and the second to the actual flow front temperature. ANOVA was applied to show
that variations of mould temperature, injection speed and evacuation conditions all
had a significant influence on the melt temperature inside the cavity. In particular,
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using vacuum venting led to a consistent decrease of this temperature, thus acting
as detrimental with respect to the achievable flow length and replication.
High-speed infrared acquisitions through a sapphire window were also used to
determine the HTC at the cavity-polymer interface when moulding PP and PS in
500 µm thick discs [106]. In particular, the HTC in a numerical model was tuned
in order to match the one calculated based on temperature data extracted from
the infrared camera. ANOVA was also applied to study how the variations of melt
temperature, mould temperature, injection speed, holding pressure and texture of
the sapphire window affected the cooling of the polymer melt. It was observed that
the T mould value dominated the cooling conditions.
Guerrier et al. [109] used high-speed acquisitions to validate injection moulding
simulations of a 500 µm thick flat part in ABS and PC. It was concluded that the
model was capable of accurately predicting the flow pattern thanks to the accurate
modelling of the implemented induction heating that was built to resemble the one
used in real experiments.
In another study, Masato et al. [110] used flow-visualization to characterize the
velocity of molten PS flowing in a 400 µm thick open flow cavity coated in three
different protective materials. The velocity profiles at seven different injection speed
levels were measured using Particle Image Velocimetry (PIV), a technique that
exploits the presence of particles in the polymer to track the filling development.
The results showed that a strong and stable slip regime was achieved at a high level
of injection speed for both coated and uncoated cavities.
Similarly to monitoring based on sensors, data provided by a flow-visualization
apparatus have not been quantitatively correlated to the replication quality yet. This
thesis went beyond the state-of-the-art by investigating the use of flow-visualization
measurements as a tool for in-line quality optimization of micro moulded parts in a
product/process fingerprint framework.
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4 Precision and accuracy in micro
injection moulding of TPE micro
rings
The present chapter deals with µIM of thermoplastic elastomer (TPE) micro rings.
Firstly, the precision and accuracy of the process were investigated in an experimental
campaign. Microscopy inspections and weld line measurements allowed to define
a suitable process window. The effects of main µIM process parameters on the
functional features of the part were then analysed, with particular attention to
the shrinkage behaviour. The produced parts were also tested, thus linking part
functionality and µIM process conditions.
The same components were also produced in a different mould using an overmoulding
set-up. This process was also characterized with respect to the quality of the final
multi-material component.
The research presented in this chapter was published in [111] and [112] and partially
taken from these papers.
4.1 Micro injection moulding of TPE micro rings
At the current state-of-the-art, µIM has been mostly developed in the field of rigid
thermoplastics. This happened because these materials, having low cost as well as
good mechanical properties and being relatively easy to process, cover the most part
of the polymers processed by µIM. Indeed, the current main application of µIM is
represented by the microfluidic industry, which relies on the manufacturing of rigid
micro- and nano-structured 2.5D components [81]. The µIM research on other classes
of polymeric materials is very limited.
TPEs are materials that combine the processability of thermoplastics with the
elastomeric behaviour of vulcanized rubbers [113]. The main difference between rigid
thermoplastics and TPEs is related to mechanical properties: the first are stiff and
rigid, while the second are flexible and soft. TPEs exhibit the distinctive mechanical
characteristics of thermoset rubbers and are simultaneously easy to process as
thermoplastic polymers. This ambivalent behaviour is due to their structure. TPEs
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are phase-separated systems, in which one phase is hard at room temperature and the
other is an elastomer [113]. The hard phase provides strength and acts as physical
cross-link, whereas the elastomeric one interconnects the rigid phases conferring
flexibility and elasticity to the material. The transition temperatures of TPEs, and
consequently the moulding process window, are determined by the characteristics of
both phases. Below the glass transition temperature of the elastomeric phase, the
TPE is brittle and stiff. Above this level, the material is soft and elastic and exhibits
a rubber-like behaviour. Finally, when the temperature is higher than the melting
temperature or glass transition temperature of the hard phase, the TPE turns into a
viscoelastic fluid and becomes processable by means of technologies such as injection
moulding. Figure 4.1 graphically shows the dependence of the mechanical behaviour
of TPEs on temperature.
Figure 4.1: Flexural modulus of TPEs in dependence on temperature [114].
Given their peculiar characteristics, TPEs are often preferred to thermoset rubbers
because of their simpler manufacturing process and shorter fabrication time [113].
The possible re-moulding is also an important advantage. Moreover, the exceptional
repeatability of injection moulding allows manufacturing TPE components with
tighter tolerances compared to conventional thermoset rubbers. Therefore, thermo-
plastic elastomers are the best choice for manufacturing precision and micro plastic
components featuring softness and flexibility.
Although IM of TPEs is well established and commonly used to manufacture macro
components [115], very few studies report their use in µIM. Alabran et al. [116]
studied the effects of moulding conditions and tooling on the replication of nano
features (patterns size ranging from 100 to 1500 nm) using two different thermoplastic
polyurethanes and varying only the mould temperature. Attia et al. [117] proposed
and validated a micro overmoulding process of TPE (a styrene-ethylene-butylene-
styrene (SEBS) copolymer) for the fabrication of a 3D microfluidic system having a
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PMMA substrate. The device was tested against leakage, but no study regarding
the process parameters effect on the dimensional quality was performed.
This study aims at going beyond the current µIM state-of-the-art by characterizing
the replication capabilities in terms of dimensional precision and accuracy of a TPE
material when moulded in micro-cavities.
4.1.1 Case study
The object of the study was a TPE micro suspension ring used as a dampening
element in a phono-cartridge used to play high-definition music. The functionality of
this object is described thoroughly in section 4.2. Since the application demanded
both high dimensional accuracy and dampening properties, µIM of TPE represented
the preferable solution to meet the functional requirements. Figure 4.2 shows the
shape and main dimensional features of the micro ring.
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Figure 4.2: Geometry and nominal dimensions in mm of the micro ring.
The internal geometry of the ring has a conical structure, making the component three-
dimensional. Being the part mass equal to 2.2 mg and the dimensional tolerances
±10 µm on both internal and external diameters, the component falls in the category
of micro products according to the aforementioned definitions (see section 2.2). The
present work focuses on the outer diameter (OD) and inner diameter (ID) of the rings
since they were the most significant geometries with respect to the part functionality.
In fact, their accuracy and precision were substantial for a correct assembly of the
component.
4.1.2 Mould design
A three-plate mould with replaceable insert was developed and used in the experi-
ments. The main advantage of this mould configuration is that the part is separated
automatically from the feed system by means of the displacement of the middle plate.
Both the mould plates and the insert were made from tool steel. Four cavities were
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machined on the insert and the internal geometry of the micro rings was created by
means of micro pins protruding from the fixed ejection plate. Both the cavities and
the micro pins were machined using micro-electro-discharge-machining (µEDM). The
four cavities were designed with a diameter 1.550 mm while the pins with a diameter
0.480 mm based on the nominal shrinkage of the TPE material and the target part
dimensions. The feed system consisted of a cylindrical sprue with diameter 5 mm
connected to the cavities with four runners and pin gates. Figure 4.3 (a) and (b)
illustrate the design of the three-plate mould, while Figure 4.3 (c) shows how the
feed system was located in the mould system.
(a) (b) (c)
Figure 4.3: (a) Closed mould, (b) Open mould and (c) Mould cross-section. The
three plates (1, 2 and 3) and the TPE material (in green) are indi-
cated [114].
The four micro rings were ejected by means of ejector tubes, thus ensuring a fully
automatic procedure. The ejection system relied on the softness and elasticity of TPE.
In fact, the undercut caused by the internal geometry of the rings (see Figure 4.2)
would have made the ejection impossible if a rigid thermoplastic material were used.
Figure 4.4 (a) and (b) show the details of the micro cavities on the ejection and
injection plates respectively.
4.1.3 Experimental details
µIM experiments were performed using a Wittmann-Battenfeld MicroPower 15 µIM
machine (maximum clamping force: 150 kN, maximum injection velocity: 750 mm/s).
The machine has a 14 mm plasticization screw and a separated 5 mm injection plunger
(see Figure 2.5 (a) for details on the architecture). The TPE used was a styrene-
ethylene-butylene-styrene (SEBS). This material was suitable for the application
due to its high flowability and dampening characteristics. Table 4.1 shows the
main properties of the polymer. The extremely low viscosity, indicated by the high
Melt Volume Rate (MVR) value, makes the TPE suitable for µIM, since a very
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Figure 4.4: (a) Close-up of the ejection side of the mould [114]. 1: ejector tube
in neutral position. 2: Pin generating the internal ring geometry. 3:
Moulded suspension ring before ejection. 4: Ejected suspension ring
with ejector tube in the forward position. (b) Close-up of the injection
side of the mould. 5: Cavity wall. 6: Asymmetrical gate. 7: Moulded
ring inside the cavity.
low flow resistance facilitates the complete filling of micro cavities. On one hand,
this characteristic had a positive impact on the feasibility of the process. On the
other, the low viscosity made the appearance of product defects such as flashes more
probable. Another consequence of the low viscosity is that the mould temperature
used when moulding the TPE was set to a lower level if compared to the ones
typically selected when moulding rigid thermoplastics.
Table 4.1: Main properties of the TPE material.
Property Units Value Test method
Density g/cm3 0.90 ISO 2781
Melt Volume Rate (MVR) cm3/10min 75.6 ISO 1133
Melting point ◦C 153 DSC
To identify a suitable process window for the µIM process, a preliminary study was
performed. Three different combinations of process settings were tested and the
resulting production batches evaluated. The first combination was called “Data sheet”
since it corresponded to the settings recommended by the material manufacturer.
The second, called “High”, employed levels of process parameters higher than the
recommended ones. This was done to observe possible improvements in filling
and replication quality. Finally, the process settings of the third combination,
called “Improved”, were found as part of an operational optimization aiming at
achieving better cavity filling and smaller defects. This optimization was based on
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inspections under an optical microscope right after moulding. Table 4.2 lists the
process parameters used in the preliminary study.
Table 4.2: Process parameters for the three combinations investigated in the pre-
liminary study.
Process parameter Data sheet High Improved
Melt temperature/◦C 185 200 200
Mould temperature/◦C 40 60 40
Clamping force/kN 100 100 30
Injection speed/(mm/s) 120 200 85
Holding pressure/bar 300 750 275
To evaluate the quality of the micro rings produced using the three different process
settings combinations, a scanning electron microscope (SEM) was used to perform a
qualitative evaluation. Moreover, the depth of the weld line on the injection side,
caused by the asymmetric gating of the ring (see Figure 4.4), was also taken into
account to identify the best process settings. In fact, weld lines are a critical defect
because they are both a visual defect and a zone of reduced strength for the moulded
part [118]. For this evaluation, ten produced rings per process combination were
randomly selected and successively inspected.
The outcome of the preliminary study was used as a starting point for the following
experimental phase, in which a DoE approach was employed to analyse the effects
of the µIM parameters on the rings OD and ID. Four parameters were varied: melt
temperature, mould temperature, injection speed and holding pressure. A general
full factorial design was carried out. Melt and mould temperature were varied on
two levels, while three levels of injection speed and holding pressure were tested (see
Table 4.3). This specific experimental design was chosen because initial tests showed
that melt and mould temperature did not have any relevant non-linear effects on the
outputs. Considering also that a long time was needed to reach thermal equilibrium
and therefore to change the level of the two temperatures, it was decided to vary
them only on two levels to reduce the experimental effort.
Table 4.3: DoE process settings.
Process parameter Levels
Melt temperature, T melt/◦C 210, 225
Injection speed, v inj/(mm/s) 50, 70, 90
Holding pressure, phold/bar 300, 500, 700
Mould temperature, T mould/◦C 30, 40
After discarding the first ten moulded parts, five replications were produced and
kept for evaluation for each one of the 36 process parameter combinations of the
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DoE plan. Considering the presence of four cavities in the mould insert, 720 micro
rings were produced and measured. By doing this, also the variation of the measured
outputs introduced by the different cavities was evaluated.
4.1.4 Measurement strategy and uncertainty evaluation
The depth of the weld line was measured using the focus variation microscope
Alicona InfiniteFocus with a 5× magnification objective (see Table 2.5 for the
detailed characteristics). The entire weld line on the injection side was acquired.
The depth was then evaluated in five different positions (see Figure 4.5) using cross-
sectional profiles. In particular, the depth was defined as the distance between the
point having minimum height and the plane fitting the flat surface of the micro
ring.
Gate
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(a) (b)
Figure 4.5: (a) Scheme of the five measuring positions along the weld line, which
is represented in red. (b) Three-dimensional scan of the weld line and
cross-sectional measurement profiles.
Alicona InfiniteFocus was also used to measure the outer and inner diameters of
the micro rings. OD and ID measurements were extrapolated from each 3D optical
reconstruction by fitting the points of the two circles (see Figure 4.6) using an image
processing software (SPIP 6.7.3, Image Metrology A/S, Hørsholm, Denmark). In
particular, the face of the ring corresponding to the injection side was captured. For
each moulded part, three consecutive acquisitions were carried out and their average
value was then taken as output. The four mould cavities were also measured to
assess the replication level. In fact, a complete knowledge of the tool geometry is
fundamental in order to characterize the actual capability of the µIM process. For
this purpose, an optical CMM with 0.5 µm lateral resolution (DeMeet 220, Schut
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Geometrical Metrology, Groningen, Netherlands) was used to measure the diameters
of the cavities (corresponding to OD) and the pins (corresponding to ID).
OD
ID
500 µm
(a) (b)
Figure 4.6: (a) Three-dimensional scan of a suspension ring. (b) Interpolated inner
and outer circle providing OD and ID measurements.
The measurement uncertainty U was evaluated in order to take into account the
precision of the measurement results in the investigation of the effects of µIM
parameters. U was calculated following ISO 15530-3 [119], which is based on the
substitution method: by measuring a calibrated artefact sharing similar characteristics
with the actual measurand, the systematic error of the measuring instrument is
quantified. In this case, a calibrated circle of diameter 1 mm was employed. Five
uncertainty sources were considered: ucal, related to the calibration certificate of the
artefact; up, the uncertainty associated with the measurement procedure calculated
as standard deviation of ten repeated measurements on the calibrated circle; ures,
introduced by the lateral resolution of the instrument and calculated considering
a rectangular distribution interval; and uw, related to material and manufacturing
variations of the actual measurand. For the mould measurements, uw was calculated
as the standard deviation of ten repeated measurements of the mould OD and ID,
while, for the moulded parts, as the standard error of the measurements of the parts
produced with each combination of µIM parameters. Therefore, uw also included the
variability of the process. The expanded uncertainty U was finally obtained using
the law of propagation of uncertainty [95]:
U = k ×
√
u2cal + u2p + u2res + u2w (4.1)
considering a coverage factor k of 2 in order to achieve a 95 % confidence interval.
Table 4.4 shows the uncertainty budget for the measurements of both mould cavities
and moulded parts.
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Table 4.4: Average values of uncertainty contributions and expanded uncertainty of
OD and ID measurements for both mould and moulded parts.
Uncertainty contribution Mould cavities Moulded parts
OD/µm ID/µm OD/µm ID/µm
ucal 0.50 0.50 0.50 0.50
up 0.09 0.09 0.09 0.09
ures 0.14 0.14 0.51 0.51
uw 0.83 0.71 0.71 1.96
U (k = 2) 2.0 1.8 2.0 4.2
4.1.5 Results of the preliminary study
To evaluate the quality of the main features of the micro rings, three details were
analysed: the injection side view, the internal geometry and the hole at the ejection
side. To examine the internal geometry, the parts were cut in half. Figure 4.7 shows
the SEM scans of rings produced with the three different process combinations used
in the preliminary study (see Table 4.2).
With the “Data sheet” settings, it may be observed from the injection side view
that the residual gate mark, generated by the automatic detachment of the feed
system from the part, was relatively small and did not protrude from the surface,
which is convenient for micro assembly operations when flat surfaces are required. A
small weld line was present, caused by the not symmetric gating of the part. When
examining the cross-section, it can be observed that the internal geometry was not
well defined: the corners looked more rounded than in the design (see Figure 4.2).
This difference was most probably caused by the capabilities of the µEDM process,
which could not machine perfectly sharp angles on the pin. The hole on the ejection
side had a relevant defect caused by the presence of a weld line. The entrapped air,
which prevented the polymer melt from achieving a complete filling of the micro
cavity near the central pin, was the cause of this imperfection.
The “High” process setting combination led to a smoother surface on the injection
side. This implies that a better filling of the cavity was attained because of the
increased speed and mould temperature. On the other hand, the gate mark was
bigger and significantly protruded from the upper ring surface, posing a serious
challenge for the mounting of the ring. The weld line was also deeper and a large
defect, generated by entrapped air, appeared at its end. The increased injection
speed helped the formation of this imperfection. From the cross-sectional view, it is
evident that the internal geometry was more detailed than when using the “Data
sheet” settings. This higher replication was achieved through the increase of holding
pressure. The rounding on the internal angles was still present, confirming that this
imperfection was due to the tooling process capabilities. An evident defect can be
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seen on the circumference of the hole in the ejection side view. This defect was
significantly larger than that appeared with the “Data sheet” settings. This was
once again due to the increased injection speed that contributed to the formation of
entrapped air near the pin.
The rings produced with the “Improved” settings had a very small weld line on
the injection side. The gate mark was also smaller than in the “High” case. A
comparable level of filling was also achieved as shown by the smooth surface in the
injection side view, which also shows that no air entrapment prevented a complete
filling of the part. The internal geometry appeared as finely detailed. The hole on
the ejection side still presented the same type of defect as in the two previous cases,
although its size was significantly reduced if compared to the micro rings produced
with “Data sheet” and “High” combinations of process parameters.
Data sheet High Improved
Figure 4.7: SEM images of micro rings moulded with the three different process
combinations of the initial study [114]. The injection side view (red),
the cross-sectional view (green) and the hole on the ejection side (blue)
are shown.
In conclusion, the SEM inspections showed that high pressure and injection speed
enhanced the filling, but simultaneously caused relevant defects due to air entrap-
ments [114]. Air trap imperfections were mostly observed when moulding with the
“Data sheet” and the “High” settings, indicating that the low values of injection speed
and clamping force selected for the “Improved” batch (see Table 4.2) were needed to
facilitate the evacuation of the air from the cavity. This result is in accordance with
the observations of Griffiths et al. [120], which proved that the volume of evacuated
air is lower at higher values of injection speed.
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The weld line depth measurements confirmed these findings. Indeed, the “Improved”
settings resulted in the smallest depth in all the five measuring positions (see
Figure 4.8). On the other hand, the weld line was deepest for the rings produced
with “High” process parameters because of the higher injection speed that hindered
the air evacuation from the cavity. Taking the different measuring positions into
account, the weld line was always deeper moving from the inner to the outer diameter.
This demonstrates that the air entrapment was formed on the external part of the
cavity, where the polymer flow ended its path. Considering both SEM inspections
and weld line depth measurements, the “Improved” process settings combination
was the best solution since it allowed minimizing the defects of the micro part. Thus,
it was selected as a starting point for defining the levels of the process parameters in
the following DoE investigation. In particular, the clamping force was always kept
at 30 kN throughout the DoE campaign to allow a proper evacuation of the air from
the cavity.
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Figure 4.8: Weld line depth for the three different settings of the preliminary
study in the five different measuring positions [114]. The interval bars
represent the standard deviations related to the ten measured parts.
4.1.6 Results of mould measurements
The µEDM tooling process was very accurate: the deviations between target and
measured dimensions ranged between -0.4 µm and 1.6 µm for OD and between 0.8 µm
and 2.7 µm for ID (see Figure 4.9). Considering the expanded uncertainties, the
measured values met the mould design specifications except for the inner diameter
of cavity 1 and 2.
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Figure 4.9: Results of cavity measurements for OD (a) and ID (b). The error bars
represent expanded uncertainties, while the red dashed lines indicate
the mould target dimension.
4.1.7 DoE results
OD results
Figure 4.10 shows the main effects plot of OD for the moulded rings. The uncertainty
related to the particular combination of process parameters was also shown to verify
that the variability did not hide the influence of the process. From the graph, it
is possible to observe that the TPE micro rings production was consistent across
the four cavities. This is important since it proved that, on one hand, the polymer
melt conditions (temperature, shear rate, pressure, and in turn specific volume
and final shrinkage) were equivalent in the four cavities. On the other hand, it
also demonstrated that, under controlled conditions in terms of both tooling and
moulding, it is possible to achieve single micrometre digit accuracy and precision in
multi-cavity µIM, which had not been shown in literature yet.
The effects of mould temperature and holding pressure were preponderant since they
presented the highest slope, which indicates a great significance on the response. The
increase in these parameters had a positive effect on OD. This type of behaviour,
which means that high mould temperatures and pressures enhanced the filling of
the cavity, was also observed in other µIM experiments on rigid thermoplastics (see
subsection 3.1.2). Indeed, a high level of T mould opposes the premature cooling and
subsequent rise in viscosity of the polymer melt while a high value of phold allows
more material to enter the cavity before the gate freezes. The increase of mould
temperature and holding pressure led to an average OD increment of 7 µm. The
influence of melt temperature was less relevant: an increase of T melt led to an average
OD decrease of 3 µm. This negative effect of the melt temperature is unusual, since a
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high T melt generally facilitates the filling of the cavity by means of a reduced polymer
melt viscosity. This may have been caused by the fact that, cooling down from a
higher temperature, the ring OD suffered a larger amount of shrinkage at the end
of the moulding process. A non-linear trend between OD and the injection speed
was observed. In particular, incrementing v inj led to an increase of the replication
level due to the faster injection, which in turn decreased the polymer viscosity. This
behaviour was true until a certain injection speed since OD plot has a negative slope
when moving from 70 to 90 mm/s. This observation, which has already been reported
in µIM literature by Bellantone et al. [68] for part mass measurements, indicates that
a local optimum for v inj existed within the explored range. The physical explanation
behind this phenomenon may be that an increase of residual stresses caused a larger
shrinkage of the part OD. In fact, residual stresses are typically larger at high values
of the injection speed because the polymer melt cools down more drastically.
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Figure 4.10: Main effect plots for OD. The error bars represent the expanded
uncertainties related to the particular process parameter level. The
grey dashed lines indicate the total averages.
ID results
Figure 4.11 shows the main effects plot for ID. As for OD, the cavity number did
not have any influence, confirming the high precision of the tooling and moulding
processes. The mould temperature showed again a high influence on the output.
Incrementing T mould from 30 °C to 40 °C led to an ID decrease of 9 µm. Therefore, the
mould temperature had an opposite effect on the two measured diameters. Oppositely
to the previous case, the holding pressure effect was negligible: the uncertainties
of the main effects plot for the three different levels of phold overlap. This different
significance of phold was due to the mould design: given the position of the gate (see
Figure 4.4 (b)), the last portion of the cavity filled by the polymer melt stood on
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the outer ring circumference, as also proven by the weld line depth analysis (see
Figure 4.8). Thus, the holding pressure, which came to act only in the last phase of
the moulding process when the cavity was almost filled, mainly influenced the outer
diameter, which was filled at last. The influence of the melt temperature was greater
than for OD. In particular, the increase of T melt caused an average ID increment
of 9 µm. As for T mould, this trend was opposite to that observed for OD. Finally,
the injection speed had a non-linear effect on ID. However, as for the other process
parameters, this effect was contrary to the one observed when dealing with OD:
selecting the central level of v inj led to the smallest ID and, simultaneously, to the
largest OD.
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Figure 4.11: Main effect plots for ID. The error bars represent the expanded uncer-
tainties related to the particular process parameter level. The grey
dashed lines indicate the total averages.
Shrinkage characterization
The variation of the four process parameters had opposite effects on the two ring
diameters. When OD increased, ID always decreased and vice versa. This behaviour
has never been observed before for micro moulded components, and it may be directly
related to the particular annular geometry of the suspension rings. Being both OD
and ID on average smaller than their target dimensions, this phenomenon posed
great challenges in meeting the design requirements, since a simultaneous increase of
both the diameters was impossible to achieve by just tuning the moulding parameters
in the investigated process window.
To investigate this experimental evidence further, the shrinkage of the two measured
outputs was compared by defining a reference diameter Dref (see Figure 4.12). This
quantity was equal to the average between OD and ID for each of the four mould
cavities and was therefore constant with the cavity number. This geometrical
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reference was chosen since it allowed to evaluate potential asymmetries of the outer
and inner ring diameters. The deviation ∆ was selected as shrinkage indicator and
was calculated as:
∆OD = OD−Dref (4.2)
∆ID = |ID−Dref | (4.3)
Figure 4.12: (a) Side view of the part indicating the position of the geometrical
reference. (b) Schematic view of the shrinkage behaviour of the micro
rings.
Figure 4.13 reports the main effect plots of ∆OD and ∆ID. The effect of the cavity
is not shown since it has already been verified to be negligible. It can be seen
that the shrinkage of ID was always larger than that of OD. In particular, the
average deviations were equal to 624 µm and 469 µm for inner and outer diameter
respectively, generating a distortion of the initial part design. This phenomenon was
most probably caused by the fact that ID was object of constrained shrinkage during
moulding, while OD was not. Indeed, the presence of the pin did not allow the inner
surface to shrink freely during cooling, while the outer one was free to shrink. This
constrained shrinkage generated a concentration of tensile stresses in the micro ring
at the inner diameter, causing a higher shrinkage of ID after demoulding.
The comments on the effects of the process parameters on the two diameters are
also valid for the deviation since ∆ is just scaled by a factor (Dref) that is almost
constant for all the four cavities. As anticipated, the process parameters had the
same influence on the deviations of outer and inner diameters, being the trends of
the main effect plot similar in the two cases. However, the magnitude of the effects,
which is evaluable with the slopes of the main effect lines, was significantly different:
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the effects were much larger for ID. The only exception was represented by the
holding pressure that was significant only for OD, as explained before. For the other
experimental factors, the ratio between ID and OD slopes ranged from 1.8 (observed
between 50 and 70 mm/s of v inj) to 6.0 (observed for T melt), demonstrating that the
shrinkage behaviour of the inner diameter was significantly more sensitive to the
variation of process settings.
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Figure 4.13: Combined main effect plots for the deviations ∆ of OD (in red) and ID
(in blue). The error bars represent the expanded uncertainties related
to the particular process parameter level. The grey dashed lines
show the total averages. The vertical axes were broken to facilitate
comparisons among measured trends.
4.1.8 Conclusions
This study aimed at characterizing and assessing the µIM technology of micro
dampening rings. For the first time in literature, a comprehensive investigation
has been carried out on a micro component moulded using TPE. The peculiar
characteristics of this class of polymers make them the only suitable candidate to
manufacture micro polymer parts featuring softness and flexibility. The following
conclusions can be drawn:
• The preliminary investigation showed that low values of clamping force and
injection speed were needed to reduce defects such as weld lines by minimizing
air entrapment in the cavity.
• For both outer and inner diameter of the rings, the four different cavities
ensured a robust, effective and repeatable multi-cavity µIM production, as the
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measured dimensions in all parts from the four different cavities were equivalent
within the single-digit micrometre measurement uncertainty.
• For the outer diameter, mould temperature and holding pressure were the
most relevant process parameters, as they both helped in increasing OD. Melt
temperature and injection speed were less significant.
• For the inner diameter, mould temperature and melt temperature showed the
most significant effects. On the other hand, the holding pressure was not
significant, since the cavity was filled at last on the outer diameter.
• Both inner and outer diameters showed a non-linear dependence with respect
to the injection speed, demonstrating that there were contrasting effects at
play: a positive one due to the reduction in viscosity and a negative one caused
by the build-up of residual stresses.
• The four process parameters had, in all the experimental ranges, an opposite
effect on the two measured diameters: an increase of OD always appeared with
a decrease of ID and vice versa. Being the measured diameters smaller than
the design targets, this behaviour posed great challenges in terms of process
optimization.
• By setting the average mould diameter as the reference, it was found that ID
shrank more than OD. This was caused by the constrained shrinkage that
affected only the ring inner surface, which was not allowed to shrink freely
because of the presence of the central pin. Moreover, ID was also more sensitive
to process variations.
4.2 Functional testing
Based on the results of the previous study, selected moulded micro rings were tested.
The tests were performed at the facilities of Ortofon A/S [121], manufacturer of the
final product in which the micro rings are employed.
The functional task of the ring is to hold in place an aluminium tube connected to a
magnet rod. The aluminium tube holds, at one of its extremities, a diamond tip.
This sub-assembly is then mounted into a phono-cartridge that is directly used to
play vinyl. In particular, the vinyl tracks, being put in contact with the diamond
tip, cause a vertical displacement of magnet that in turn generates the electric signal
that is then converted into stereo music. The micro ring, being stretched around the
magnet and standing at the interface between the two sub-components, serves the
critical purpose of holding the parts in place and dampening the vibrations induced
by the displacement, which happens at high frequency due to the high rotational
speed of the vinyl. Figure 4.14 shows the assembled micro ring along with the
aluminium tube and the magnet rod.
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Figure 4.14: Sub-assembly with a micro ring. 1: magnet rod. 2: moulded ring. 3:
aluminium tube. 4: diamond tip.
Being the mounting operations and the subsequent testing quite time-consuming,
only a portion of the 720 rings produced in the DoE campaign was selected. To
carry out a significant test capable of correlating the functionality to the measured
diameters, the rings having the smallest and the largest OD and ID were selected.
Since, as shown before, the effects of µIM parameters had an opposite impact on the
two diameters, only two DoE combinations were needed: DoE no. 1 provided the
smallest OD and largest ID, while DoE no. 27 provided the largest OD and smallest
ID. Considering the five repetitions and the four cavities, 40 rings were functionally
tested. Table 4.5 reports the process settings of the two DoE combinations selected
for the functional tests.
Table 4.5: Tested DoE combinations and related geometrical outputs. OD and ID
values are the averages of the 4 cavities and 5 repetitions.
DoE no. T melt/°C T mould/°C v inj/(mm/s) phold/bar OD/mm ID/mm
1 210 30 50 300 1.465 0.439
27 210 40 90 700 1.499 0.380
The assembly operation consisted of two steps:
• In the first, the rings were mounted on the metallic cantilever. This cantilever
is made by the assembly of the aluminium tube and the magnet rod. The
aluminium part works as a structural component, while the magnet functions
as a generator for the electrical signal that is used to play stereo music. This
first operation is carried out on an automatic assembly machine made of 8
stations positioned on a circular line. Each station carries out a specific task:
press-fitting of the magnet in the aluminium tube, fitting of the diamond tip
on the aluminium tube, stretching of the ring onto the cantilever, etc. The
moulded rings are fed into the assembly machine by means of a bowl feeder.
• In the second, the output of the previous operation is press-fitted inside a
plastic case using another specific assembly machine. Before the actual press
fitting, the position of the ring on the metallic cantilever is checked visually in
order to make sure that the diamond tip is well positioned with respect to the
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assembly axis. An incorrect position of the ring on the metallic cantilever can be
observed at this stage. Figure 4.15 shows the final assembled phono-cartridge.
Figure 4.15: Assembled phono-cartridge for functional testing. The diamond tip
protruding from the metallic cantilever is indicated.
Since no ISO standard currently exists on the functional assessment of phono-
cartridges, the standard procedures created by Ortofon A/S were followed. These
tests are performed to approve any cartridge released on the market.
The assembled cartridges were mounted on a specific head-shell connected to an
LP test-plate having 50 to 100 µm wide tracks. The test was performed with a
1 KHz sinusoidal signal input. The output signal, produced by the vibration of the
magnet between the cartridge coils, was recorded, converted via an AD-converter and
filtered to optimize the data analysis, which was carried out on a coupled computer.
Figure 4.16 shows the test equipment and a cartridge during actual testing.
(a) (b)
Figure 4.16: (a) Testing apparatus and (b) cartridge during functional testing.
The output quantities of the functional test were:
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• Sensitivity. It is the measure of the voltage output generated by the cartridge.
Being this output influenced by the magnitude of the magnet deflection, it is
strongly dependent on the correct dampening provided by the suspension ring.
In particular, OD and ID play an important role here, since they influence how
the magnet is held in place. In order for a tested cartridge to be considered in
tolerance, the sensitivity must be between 3.5 mV and 8 mV for both left and
right stereo channels.
• Separation. This quantity measures the separation between the two stereo
channels and is directly correlated to the level of stereo sound that can be
achieved [122]. For phono-cartridges, the separation level must be larger than
20 dB in order to be functionally accepted.
• Balance. This is a measure of the difference in dB between right and left channel
signals, and is therefore correlated to the sensitivities of the two channels. The
ideal value for this output is 0 dB. A positive balance means that the right
channel is higher than the left one, whereas a negative balance value means
otherwise. In this case, the tolerance band is 4 dB wide and centred around
0 dB.
Figure 4.17 shows the results of the functional tests. As regards sensitivity, all the
tested samples provided values within the tolerance range. For both the channels,
the sensitivity assumed very similar values, as also confirmed by the correspondent
low balance. As for the separation, 3 parts out of 40 (i.e. 7.5 %) failed the test,
being the separation lower than the imposed limit of 20 dB. All these parts belonged
to DoE no. 1, proving that rings with small OD and large ID are more likely to fail
the test. A lower separation was in all cases observed for the right channel. Finally,
the balance curve was always within the tolerance limits: except for one sample, it
was always in the interval ±1 dB, demonstrating that a high level of balance was
achieved with the cartridge mounting the micro moulded TPE rings.
From the results of the functional tests, it can be concluded that, in general, the
produced micro rings performed well, demonstrating that the moulded rings can be
actually used in a real commercial application. The only cartridges that failed the
tests mounted rings manufactured with the process settings of DoE no. 1, which was
the one resulting in parts having the maximum ID and the minimum OD. This was
most probably caused by the fact that a large inner diameter made the connection
between the ring and the metallic cantilever loose, making the system not sensible
enough to the displacement induced by the tracks of the test plate. Therefore, the
process combinations of DoE no. 27 were advised for the final production of micro
rings.
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Figure 4.17: Results of the functional tests. The red dashed lines represent the
tolerance limits. The horizontal axis shows number of DoE, cavity
and replication.
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4.3 Micro insert moulding
A different solution to manufacture the sub-assembly made by the micro ring, the
aluminium tube and the magnet rod was evaluated. In particular, a micro insert
moulding process was designed and experimentally investigated.
4.3.1 Case study and mould design
In the new configuration, the aluminium tube and the magnet rod were firstly press-
fitted together, resulting in the metal insert for the subsequent over-moulding. The
TPE material was in fact moulded around this substrate. The main advantage of this
alternative process is a great reduction of production costs due to the elimination
of the aforementioned mounting procedures from the process chain. The objective
of this study was to assess the quality of the over-moulded parts with respect to
process setting variations.
The multi-material component along with its dimensions are shown in Figure 4.18.
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Figure 4.18: (a) 2D model and main dimensions in mm of the micro insert moulded
part. (b) 3D model of the component. 1: Magnet rod. 2: TPE
micro-ring. 3: Aluminium tube.
The same three-plate mould frame presented in subsection 4.1.2 was used. In this
case, an insert having two cavities was designed to allow the positioning of the
metallic substrate, which was picked up from a specifically designed magazine tool
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and successively inserted inside the mould by using the robot arm coupled with the
machine. The part was then demoulded and replaced by the next substrate in the
free spot left inside the magazine tool using the same robot arm. A fully automated
manufacturing process was therefore ensured. Similarly to the µIM case, the feed
system was designed with a sprue having 5 mm diameter and with asymmetric pin
gates (see Figure 4.19), which were detached automatically during ejection at the
movement of the middle plate.
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Figure 4.19: Feed system used in the micro insert moulding process.
4.3.2 Experimental details
The micro insert moulding experiments were carried out using the same Wittmann-
Battenfeld MicroPower 15 µIM machine used for manufacturing the micro rings.
The same TPE material was also used, given its dampening properties and low
viscosity.
Preliminary experiments allowed to identify an initial process window by taking into
account the most visible defects affecting the part quality. In particular, extensive
flashes and gate mark were present at high values of holding pressure. These two
defects were always observed in parts moulded with phold higher than 150 bar,
regardless of the other settings. To find a level of this parameter that could guarantee
a complete filling without degenerating in flashes and gate marks, a short-shot
analysis was applied. By doing so, the optimal level of the holding pressure was
found at 80 bar. The fact that these defects did not appear when moulding the
micro rings in the previous study, even employing holding pressure values higher than
150 bar, was probably due to the different mould design and to the presence of wider
venting channels. Figure 4.20 shows two examples of a defected and a defect-free
part.
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(a) (b)
Figure 4.20: Micro part moulded with holding pressure equal to (a) 200 bar and
(b) 80 bar. The flash and gate mark are indicated by the upper and
lower yellow arrows respectively.
In order to analyse the effects of the other process parameters on the part quality,
mould temperature, melt temperature and injection speed were varied on three levels
each (see Table 4.6). Values similar to those employed in the previous experimental
investigation (see subsection 4.1.3) were defined. In this case, the three experimental
factors were changed one at time while keeping the central point (T melt = 210 ◦C,
T mould = 40 ◦C and v inj = 90 mm/s), thus generating a one-factor-at-time (OFAT)
experimental plan. This type of design allows evaluating numerous levels of various
process parameters with relatively low experimental effort. On the other hand, it
is inherently unbalanced and the single effects must be evaluated separately. Five
parts for each cavity were stored after discarding the first ten, resulting in a total
number of 70 analysed multi-material components.
Table 4.6: Process settings for the investigation of the micro insert moulding process.
Process parameter Levels
Melt temperature, T melt/◦C 200, 210, 220
Mould temperature, T mould/◦C 30, 40, 50
Injection speed, v inj/(mm/s) 80, 90, 100
4.3.3 Measurement strategy
To assess the quality of the moulded parts, two geometrical characteristics were
considered. The first one is the diameter D of the micro rings, being, as previously
discussed, fundamental for the functionality. The second one is the alignment between
the ring axis and the metal substrate axis, described by the angle α. The value of
the latter is important since it is an indicator of the accuracy of the multi-material
assembly required for correct operation of the phono-cartridge. If a misalignment was
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present, the over moulded component might not provide the desired dampening. The
main reason that could cause this misalignment is the so-called core-shift phenomenon,
which occurs in insert moulding processes as a spatial deviation of the insert from
the original position due to unbalanced polymer melt pressure in the cavity. In
the particular case under study, it might have happened since the gate was not
symmetrical with respect to the metal insert axis (see Figure 4.19).
The same optical CMM machine used for the mould measurement in the µIM inves-
tigation (DeMeet 220, Schut Geometrical Metrology, Groningen, Netherlands) was
employed to characterize the micro insert moulded parts. Being these measurements
two-dimensional, the diameter and the alignment angle were measured in three
different circumferential positions around the component axis in order to consider
their variation in the 3D space. Thus, three measurement outputs were available for
each part. Each measurement was repeated five times, showing high repeatability,
being the maximum observed standard deviation equal to 0.5 µm for D and 0.05°
for α. Figure 4.21 shows the measurement scheme and a view of the optical CMM
interface.
rodtube
α
300 µm
(a)
(c)(b)
rod
µ-ring
Figure 4.21: (a): Measurement scheme. The diameter D and the angle α are
indicated. (b) The three circumferential measuring positions. (c)
Micro assembly as viewed by the optical CMM.
Along with the diameter D and the angle α (both considered in the analysis as the
average of the measurements in the three circumferential positions), the difference
between the maximum and minimum values of D among the three positions was
considered. This quantity was calculated as:
R = Max(Di)−Min(Di) i = 1, .., 3 (4.4)
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and was defined in parallel to the roundness [123]: a large value of R corresponds to
low roundness while a low value of R characterizes a micro ring with a high roundness.
The mould cavities were not measured because of production reasons.
4.3.4 Results and discussion
Since an OFAT experimental design was carried out, the effects of the process
parameters on the measurement outputs were analysed separately. In particular,
interval plots were used for the analysis, since they allow to compare the results for
the different levels of the experimental factors by also considering the dispersion in
the form of an interval bar.
Figure 4.22 shows the results for the two cavities. It can be observed that changing
the cavity had no effect on D, R and α, since the interval bars overlap in all cases.
This proves that, similarly to the µIM case, an effective multi-cavity micro insert
moulding process was achieved, thus allowing to manufacture, with each shot, two
parts having the same dimensional characteristics.
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Figure 4.22: Interval plots of the three measurands against the cavity number. The
interval bars represent standard errors.
Figure 4.23 shows the interval plots for the diameter D. All the process parameters
were significant since their variation resulted in a change of the response considering
the interval bars. In particular, the central values of T melt, T mould and v inj provided
the largest D, which was equal to 1.480 mm. The highest levels of the parameters
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resulted in the smallest D: this was unexpected since typically high melt temperatures,
mould temperatures and injection speeds are used to favour the complete filling of
the cavity by lowering the viscosity and preventing premature freezing of the gate. In
this particular case, however, the results showed that the replication quality increased
up to a certain limit of T melt, T mould and v inj, after which it dropped. This behaviour
suggests that the viscosity of the TPE material underwent a too drastic reduction
when moulding with the high levels of the parameters, resulting in a not optimal
filling of the mould cavity. These results are congruent to what observed in the µIM
experiments for OD (see subsection 4.1.7): the diameter increased when increasing
T mould from 30 ◦C to 40 ◦C and decreased when increasing T melt beyond 210 ◦C. As
for the injection speed, a similar non-linearity of the replication was observed, even
though higher levels of the process parameters were explored in this case.
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Figure 4.23: Interval plots of D against the three process parameters. The interval
bars represent standard errors.
The roundness parameter R was not influenced by T mould but only by T melt and
v inj (Figure 4.24). The lowest R (equal to circa 0.005 mm), which reflects a higher
dimensional stability of D among the three circumferential positions and thus a better
roundness, was measured when moulding at high levels of these two parameters.
Figure 4.25 compares the trends of D and R with respect to the levels of the
experimented variables. What stands out is that both D and R were minimized at
high levels of T melt and v inj, proving that it was only possible to over-mould very
circular rings when their diameter was minimum. Therefore, within the investigated
range, rings having simultaneously high D and low R were not obtainable, posing a
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Figure 4.24: Interval plots of R against the three process parameters. The interval
bars represent standard errors.
great challenge with respect to the conformance to design specifications. A possible
solution could be identifying a trade-off between maximizing D and minimizing R by
evaluating which of the two characteristics, i.e. diameter dimension and roundness,
has the biggest impact on the product functionality and consequently setting the
process parameters accordingly.
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Figure 4.25: Combined main effects plot for D (in black) and R (in blue).
The results of the alignment angle α are reported in Figure 4.26. In this case, there
was no significant effect of the three process parameters on the measured output, since
the results for the different levels show overlapping error bars. This demonstrated
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that the alignment of the micro assembly did not depend on any of the investigated
moulding parameters. It is also important to notice that the average angle ranged
between 0.4° and 0.6°. Such a low value proved that the metallic substrate and the
over-moulded rings were aligned and that no relevant core-shift affected the quality
of the produced parts. These values of α are in fact satisfactory for the application
of the multi-material component.
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Figure 4.26: Interval plots of α against the three process parameters. The interval
bars represent standard errors.
4.4 Summary and conclusions
This chapter focused on the study of the micro moulding process of thermoplastic
elastomer (TPE) micro rings used as a component for high-performance phono-
cartridges. For the first time in literature, a comprehensive investigation on the
precision and accuracy of µIM of TPE was carried out.
The first section focused on the design, development and study of the µIM process for
producing the micro components. A three-plate mould embedding a replaceable insert
with four cavities was designed. The three-plate architecture allowed to perform
the automatic detachment of the parts from the feed system, thus ensuring a fully
automated process. A preliminary study based on SEM inspections and weld line
depth measurements with a focus variation instrument was performed to determine
a suitable process window. In particular, three different combinations of process
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settings were taken into account. This preliminary analysis showed that selecting
low values of clamping force (30 kN) and injection speed (below 100 mm/s) was of
primary importance to reduce the size of the weld line by minimizing the quantity of
air entrapped in the cavity. Based on these considerations, a general full factorial
DoE plan was carried out to investigate the effects of melt temperature, mould
temperature, injection speed and holding pressure on the outer (OD) and inner
diameter (ID) of the micro rings, which were assessed using the same focus variation
instrument. It was verified that the µIM process ensured a robust multi-cavity
production, having the parts moulded in different cavities congruent dimensions.
OD was influenced mostly by mould temperature and holding pressure, whereas ID
by mould temperature and melt temperature. The four process parameters had,
in all the ranges, an opposite effect on OD and ID. This was confirmed by the
calculation of the shrinkage with respect to a reference diameter, which also allowed
to show that the ID suffered a larger amount of shrinkage than OD. This was due to
the constrained deformation affecting the inner surface of the ring, which in turn
enhanced residual stresses, whereas the outer one was free to contract due to the
absence of obstacles.
The second section showed the results of the functional tests carried out on specifically
selected moulded micro rings. In particular, the rings produced with two DoE
combinations, those yielding maxima and minima of OD and ID, were tested. After
assembling the rings in the phono-cartridge, their performance was verified against the
three main quantities (sensitivity, separation and balance) that have an influence on
the quality of the produced sound. The results showed an overall good performance.
The only failures were observed in combination with rings having the maximum
ID, strongly suggesting that low ID values are more advisable with respect to the
functionality of the assembly.
In the third section, an alternative manufacturing process based on the micro
insert moulding of the micro rings around a metal substrate was investigated. This
configuration was preferable in terms of production costs since it led to a significant
reduction of the production time. The same three-plate mould used to manufacture
the single rings was employed. However, in this case, an insert having two cavities
was used. A fully automated process, which comprised the insertion of the metal
substrate in the cavity by a robot arm before over-moulding, was attained. An
experimental plan following a one-factor-at-time (OFAT) scheme was carried out
to test the effect of melt temperature, mould temperature and injection speed on
diameter, roundness (calculated as the deviation between the maximum and the
minimum diameter in three circumferential positions) and alignment of the over-
moulded assembly. Measurements were performed with a 2D optical CMM. The
diameter and the roundness had a similar dependence on the experimental variables.
Therefore, it was not possible to maximize the diameter and minimize its deviation
at the same time, suggesting that a trade-off based on the final functionality has to
be defined. As for the alignment, angles of circa 0.5° were measured between the
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axis of the micro ring and that of the metal substrate. It was then concluded that
no phenomenon such as core-shift had an impact on the component quality.
In summary, clear conclusions on the dependence of dimensional precision and
accuracy of micro rings on the main µIM process parameters were provided. Their
impact on the final functionality of the parts was also partially characterized, giving
strong suggestions on the final set-up of the process to be adopted in a successful
industrial production.
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5 Development of product/process
fingerprints of a 3D micro moulded
component
The present chapter describes the application of the product/process fingerprint
framework to a 3D micro component manufactured by µIM. The aim was to develop
and define an applicable strategy for in-line quality assurance based on process
monitoring.
An experimental campaign varying the main moulding parameters was carried out
to characterize the process, with particular attention to the minimization of the
defects affecting the part quality. By combining optical micro metrology and injection
moulding process monitoring, the most suitable product and process fingerprints
among various candidates were identified. Finally, an in-line quality assurance
strategy was proposed.
The research presented in this chapter was published in [124] and partially taken
from this paper.
5.1 Introduction
Quality assurance is one of the biggest challenges in modern micro manufacturing.
As the produced components get smaller, more accurate and sophisticated measuring
solutions are needed to assess the dimensions of these items. In fast replication
processes, the challenge becomes even harder to tackle since 3D measuring instruments
cannot cope with extremely high throughput rates, thus impeding the complete
measurement of the entire production batches. During the process optimization
phase, where deep knowledge of the effects of process settings variation is needed,
these limitations become very significant, often leading to unsustainable experimental
efforts.
In this chapter, a solution for assessing the quality of a 3D micro moulded part
in-line is investigated. This method is based on the combination of product and
process fingerprints (see section 1.2).
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The product fingerprint is a single measurable characteristic of the part that is
strongly correlated to the other significant measurands and therefore to the overall
product quality. By assessing only this dimensional outcome, the conformance to
specifications of all functional tolerances could be ensured. The product fingerprint
must also be sensitive to the variations of process settings to work as an optimization
tool in µIM. In fact, a change of process parameters has to be reflected in a variation
of the fingerprint value if an effective control over the process has to be performed.
The process fingerprint, on the other hand, is the process indicator, extracted from
in-line monitored variables, that is mostly correlated to the dimensional quality of the
moulded component. This variable must be also sensitive to the variation of the main
process settings in order to assist the optimization phase. By combining product
and process fingerprints, an in-line quality control framework can be designed for a
specific micro component.
The procedure applied in this case to determine the two fingerprints is shown in
Figure 5.1. Firstly, suitable product and process fingerprint candidates were selected
based on preliminary experimental evidence. Then, DoE was used to investigate the
sensitivity of the fingerprint candidates to process variations, while coefficients of
correlation were used to rank the candidates based on their correlation to the quality
of the moulded parts. The findings were finally combined to propose a strategy
aiming at in-line dimensional quality assurance.
Experimental 
campaign varying 
main µIM 
parameters
Selection of 
product 
fingerprint 
candidates
Selection of 
process 
fingerprint 
candidates
DoE analysis
Calculation of 
coefficients of 
correlation
DoE analysis
Calculation of 
coefficients of 
correlation
Best 
process 
fingerprint 
candidate
Best 
product 
fingerprint 
candidate
µIM in-line quality 
control strategy
Ranking based on 
sensitivity to process 
variations
Ranking based on 
correlation to overall part 
quality
Ranking based on 
correlation to overall part 
quality
Ranking based on 
sensitivity to process 
variations
Figure 5.1: Flowchart representing the identification method for product and pro-
cess fingerprints. The procedure starts with the selection of product
and process fingerprint candidates. DoE and correlation analyses allow
to determine the best candidates and finally define a µIM in-line control
strategy.
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The component object of the investigation was a POM micro part used in a medical
application. Figure 5.2 shows its main dimensions and Figure 5.3 its appearance.
Being its nominal volume equal to 0.07 mm3 (equivalent to a mass of 0.1 mg) and
dimensional tolerances of the diameters equal to ±10 µm, the part falls in the category
of micro moulded products according to the standard definitions (see section 2.2).
The two structures on the internal surface and the 2° tape of the outer conical one
were specifically designed to facilitate the ejection. The extremely small size of the
part made it the smallest component manufactured by µIM in the analysed literature
(see Table 5.1), being its volume one order of magnitude below typical micro moulded
components and thus setting new lower limits for the process. Such a small size also
made the use of any in-cavity sensor inapplicable without drastically changing the
part design.
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Figure 5.2: Geometry of the analysed micro component. The nominal dimensions
in mm are shown.
Figure 5.3: Picture of the micro moulded component [125].
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Table 5.1: Volumes of micro moulded parts sorted from small to large.
Micro component Approximate volume/mm3 Reference
Micro filter 1.0 [45]
Micro ring 2.5 [111]
Part for weld line analysis 6.5 [50]
Part with micro pillars 12.0 [46]
Micro gear 14.0 [126]
Toggle for hearing aids 22.0 [51]
Dog-boned tensile bar 28.0 [68]
Thin-walled part 31.5 [127]
Square part fro shrinkage evaluation 35.0 [85]
Cylindrical part with micro pillars 110.0 [41]
Disc with micro and nano features 113.5 [128]
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5.3.1 Mould design
The micro part was moulded using a replaceable insert made of tool steel mounted
in a three-plate mould (see Figure 5.4 (a)). This mould configuration enabled the
automatic separation of the component from the feed system, thus avoiding a manual
operation that would have inevitably introduced variability in the process. The
structured hole was created by replicating a micro pin protruding from the movable
plate of the mould. The insert cavity and the pin were machined using µEDM. The
feed system was made of a cylindrical sprue with a 5 mm diameter, a conical runner
and a ring gate having a nominal thickness of 25 µm and axially symmetric with
respect to the part. The ejection was carried out by means of a vacuum gripper
mounted on a robot arm, thus ensuring a fully automated µIM process. Figure 5.5
illustrates the mould design.
Preliminary experiments highlighted the need for a venting channel to attain a
consistent and complete filling of the cavity. This adjustment was required because
of the presence of entrapped air in the cavity, which prevented the polymer melt
from reaching the end of the cavity in such small channels. Therefore, a circular
5 µm deep venting channel was machined by µEDM on the back of the insert (see
Figure 5.4 (b) and Figure 5.5 (c)). If, on one hand, this modification allowed to
tackle the unfilling issue, on the other, it generated a flash defect around the largest
outer diameter of the component since the polymer melt was allowed to partially fill
the gap created by the venting channel.
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Figure 5.4: (a) 3D model of the mould. 1, 2 and 3 indicate ejection, middle and
injection plate respectively. (b) Replaceable insert with venting channel
located on the opposite side of the injection point.
Figure 5.5: (a) Mould cross section showing the part and feed system (hatched)
within the three mould plates (numbered in red). (b) Detail of the
moulded component and ring gate. (c) Detail of the venting channel
machined on the insert at the end of the flow path (nominal thickness
in mm).
5.3.2 Experimental design
Micro moulding experiments were carried out using a Wittmann-Battenfeld MicroP-
ower 15 µIM machine (maximum injection velocity: 750 mm/s, maximum clamping
force: 150 kN, see Figure 2.5 (a) for details on the architecture). The material
used was an unfilled POM (Hostaform® C 27021, Celanese, Irving, TX, USA). This
polymer was selected for its low friction coefficient, good mechanical properties and
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extremely low melt viscosity. Table 5.2 reports the main characteristic of the material
and Figure 5.6 shows its viscosity and pvT plots.
Table 5.2: Main properties of the POM grade. MVR data were gathered at a test
temperature of 190 ◦C and a test load of 2.16 kg.
Property Units Value Test method
Density g/cm3 1.41 ISO 1183
Melt Volume Rate (MVR) cm3/10min 24.0 ISO 1133
Melting temperature ◦C 166 ISO 11357-1, -2, -3
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Figure 5.6: (a) Viscosity plot at different temperatures and (b) pvT data at different
pressures for the POM material [129].
A DoE approach was adopted to identify product and process fingerprints for the µIM
process. Four process parameters, namely holding pressure, injection speed, mould
temperature and melt temperature, were varied according to a two-level full factorial
24 design. Table 5.3 shows the levels of the experimented variables. The holding
pressure was set at relatively low values if compared to typical µIM experiments to
avoid an excessive flash formation that would have made the ejection difficult to
carry out. For each process setting combination, the first ten produced parts were
discarded and the following five were kept for evaluation. Therefore, the factorial
design was replicated five times.
5.3.3 Measurement strategy and uncertainty evaluation
Five dimensional features were selected as product fingerprint candidates and assessed
for each of the 80 produced micro components. Three of these candidates were
geometries with a significant impact on the part functionality. These were the outer
top diameter (ODt), outer bottom diameter (ODb) and inner bottom diameter (IDb)
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Table 5.3: DoE process settings.
Process parameter Symbol Unit Low level High level
Holding pressure phold bar 250 500
Injection speed v inj mm/s 150 350
Mould temperature T mould ◦C 100 110
Melt temperature T melt ◦C 200 220
(see Figure 5.7 (a)). The other two were related to the main defects affecting the
part quality: flash and gate mark. The flash, as mentioned before, was due to the
presence of the venting channel. The gate mark was, on the other hand, caused by
the detachment of the feed system from the part by means of the displacement of
the middle plate. It appeared as a prolongation of the part in the gate area (see
Figure 5.7 (b)). Both defects had to be minimized to ensure the part functionality,
and therefore their size represented a suitable optimization response and, as such, an
ideal product fingerprint candidate. Flash and gate mark of each part were quantified
by means of dimensional indicators: the area of the flash Aflash was used to measure
the flash size, while the length of the gate mark Lmark was chosen as the indicator
of the gate mark size. The values of both Aflash and Lmark increase when the two
defects become larger.
Figure 5.7: Product fingerprint candidates. (a) The three diameters ODt, IDb and
ODb. (b) The two part defects and respective size indicators Lmark and
Aflash.
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The five product fingerprint candidates were measured using the focus variation
microscope Alicona InfiniteFocus with a 20× magnification objective (see Table 2.5
for the characteristics), which ensured 3D capabilities and sub-micrometre resolution,
which were both needed to acquire the features of the micro part. To capture the
five measurands, two acquisitions were performed for each moulded sample. The
measurands ODt and Lmark were extrapolated from an acquisition of the top side of
the part, i.e. the left side in Figure 5.2. ODb, IDb and Aflash were instead measured
by acquiring the bottom of the part, i.e. the right side in Figure 5.2. The value of
the five measurands was finally extracted from the 3D optical reconstructions using
an image processing software (MountainsMap®, Digital Surf, Besanc¸on, France). In
detail, the processing procedure was carried out as follows:
• ODt: this diameter was extrapolated from a top acquisition by fitting a circle
to the points of the diameter of interest (see Figure 5.8 (b)).
• Lmark: this quantity was measured as the vertical distance between the highest
acquired point belonging to the gate mark and the flat surface from which it
protruded (see Figure 5.8 (c)). This surface was identified in the same way
for all the moulded parts by considering a constant height with respect to the
plane on which the circle having ODt diameter lay.
• IDb: this measurand was extrapolated from a bottom acquisition by fitting
a circle to the points of the diameter of interest (see Figure 5.9 (b)). The
3D acquisition was initially processed by applying a levelling and a threshold
along the z-axis. In particular, the threshold was applied to accurately identify
only the points belonging to the flash surface, thus eliminating the influence of
points acquired inside the hole.
• ODb: this diameter was extrapolated in the same way as IDb. As illustrated
in Figure 5.9 (b), the outer perimeter of the flash was not as circular as the
ones identifying ODt and IDb, making ODb measurement less accurate than
the other ones. This was most probably caused by the imperfect co-axiality of
the central pin with respect to the cavity, which created an unbalance in the
polymer melt flow inside the micro channel that in turn led to a non-circular
outer perimeter of the flash.
• Aflash: the flash area was measured by counting the pixels of the surface acquired
in a bottom acquisition, such as the one shown in Figure 5.9 (b). After the
number of pixels N p was determined, a simple equation was used:
Aflash = Np × Ap (5.1)
where Ap is the area of one pixel, equal to 0.19 µm2. Although both ODb and
Aflash are indicators of the size of the flash, the second one was more sensitive
to variations of the defect since it was not affected by any non-circularity error
as ODb was.
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Figure 5.8: (a) SEM image of a moulded micro part: ODt is indicated in red. (b)
ODt measurement. (c) Lmark definition.
Figure 5.9: (a) 3D acquisition of the bottom of a moulded part. (b) Measurement
of IDb and ODb.
Each acquisition was repeated three times and the averages were taken as output.
The mould geometries corresponding to the three diameters were also measured in
order to provide a reference to determine the replication performance of the µIM
process. The mould diameters corresponding to ODb and IDb were measured with
the aforementioned focus variation microscope by acquiring the hole on the insert and
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the pin. As for the diameter correspondent to ODt, no direct measurement procedure
was applicable due to the inaccessibility for any optical or contact instrument. A fast
replication media was thus used to replicate the internal geometry of the insert in
order to perform an indirect measurement. In particular, a brown Polyvinylsiloxane
(PVS) replication media (AccuTrans® AB, Coltene, Cuyahoga Falls, OH, USA) was
poured inside the cavity and acquired after solidification. Having obtained the mould
dimensions, the replication capability ∆D was defined as:
∆D = Dpart −Dmould (5.2)
where Dpart and Dmould represent a generic diameter D measured on moulded part and
mould respectively. ∆D is an indicator of the replication accuracy of the µIM process
and thus the three variables ∆ODb, ∆IDb and ∆ODt were considered as responses for
the experimental analysis instead of ODb, IDb and ODt.
The quality of the measurements was verified by calculating the measurement
uncertainty U, as the precision of the measurement chain must be characterized when
dealing with the small variations at the micro scale. In this study, the uncertainties
of five measurands were calculated according to ISO 15530-3 [119], similarly to
the previous chapter (see subsection 4.1.4). Two different artefacts were used: a
calibrated circle of nominal diameter equal to 250 µm for the uncertainty of ODb,
IDb and ODt and a calibrated step height of 1 mm for the uncertainty of Lmark. Four
uncertainty contributions were included in the calculation of U : ucal, as stated in the
calibration certificate of the artefacts; ures, due to the resolution of the measurement
instrument and calculated by considering a rectangular distribution; uw, related to
material and manufacturing variations of the actual measurand; and up, introduced
by the measurement procedure and calculated as standard deviation of 20 repeated
measurements on the calibrated artefacts. In particular, uw was calculated as:
uw =
max(M)−min(M)
2
√
3
(5.3)
where M is the vector containing the three measurement repetitions. The expanded
uncertainty U was eventually obtained by combining the contributions according to
the law of propagation of uncertainty [95]:
U = k ×
√
u2cal + u2res + u2w + u2p (5.4)
where k was equal to 2 to achieve an approximate confidence level of 95 %. As
for Aflash, the contributions ucal and up were not taken into account because no
calibrated artefact for area measurement was available. The uncertainty budget for
the five measurands is reported in Table 5.4. What stands out is that, for the three
diameters, the uncertainty-to-tolerance ratio U /T ranged between 11 % and 12 %.
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These values are satisfying since the upper recommended limit in manufacturing is
equal to 20 % [51], thus demonstrating that the selected measurement procedure was
suitable for measuring the product fingerprint candidates.
Table 5.4: Mean values of uncertainty contributions and expanded uncertainty for
the five measurands.
Unc. contribution ODt/µm IDb/µm ODb/µm Lmark/µm Aflash/µm2
ucal 0.50 0.50 0.50 0.45 /
ures 0.13 0.13 0.13 0.04 0.05
uw 0.19 0.20 0.16 0.73 1.5 × 102
up 0.12 0.12 0.12 0.37 /
U (k = 2) 1.1 1.1 1.1 1.9 3.0 × 102
5.3.4 Process monitoring
For each moulding cycle, two process variables were recorded in-line: the pressure and
the velocity of the injection plunger, named p and v respectively. No external sensor
was employed since the two were derived from machine data already available for
any user. The injection pressure was acquired by means of a strain gauge transducer
(Sensorplatte microline, X Sensors AG, Diessenhofen, Switzerland) embedded in the
machine and located at the back of the injection plunger (see Figure 5.10). The speed
was recorded via the speed of the motor driving the plunger through the control unit
of the machine. For both the monitored curves, the frequency of acquisition was set
at 167 Hz (corresponding to a sampling interval of 6 ms), being it the lower limit
allowed by the machine computer. Pressure and velocity were acquired synchronously
and thus did not need any alignment with respect to the time-scale.
Figure 5.10: Position of the strain gauge pressure sensor (1) with respect to the
plasticizing screw (2) and the injection plunger (3). Courtesy of
Wittmann-Battenfeld GmbH.
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After a visual analysis of the acquired profiles, it was clear that the holding pressure
was the parameter that had the biggest impact on their shape. In fact, when the
high level of phold was selected, a monotone trend of the injection pressure was
always observed (see Figure 5.11 (a)). The trend culminated in a peak caused by
the high pressure drop due to the extremely small dimensions of the gate and mould
cavity. After the switch-over point, which was defined by assigning a threshold value
on injection pressure, p readjusted to the decreasing linear profile of the holding
pressure that was set at the machine interface. This a switch-over strategy was
selected to achieve a smooth displacement of the injection plunger. Oppositely,
when the low value of phold was selected, the injection pressure always showed a
point of discontinuity (see Figure 5.11 (b)). This behaviour was caused by the
plunger suddenly decelerating and then accelerating again: when moulding with
phold equal to 250 bar, the cavity was not filled at the defined switch-over point,
thus causing a pressure decrease. Then, the plunger accelerated again during the
holding phase, completed the filling, as revealed by the presence of the peak, and
re-adapted to the imposed decreasing holding pressure profile. The different level
of phold had an influence also on the shape of the velocity profiles. When moulding
with holding pressure of 500 bar, the plunger accelerated until v reached the value of
the selected v inj and then stopped in correspondence with the switch-over point (see
Figure 5.12 (a)). On the other hand, when moulding with phold equal to 250 bar, v
profiles showed a sudden drop, followed by a new increase until the final stopping
(see Figure 5.12 (b)). This difference between the shapes of the curves was due, as
for the case of p, to the decrease of pressure and consequent plunger deceleration
happening when the cavity was not filled at the defined switch-over condition.
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Figure 5.11: Injection pressure profiles for five DoE replicates recorded when mould-
ing at: (a) high holding pressure and (b) low holding pressure. v inj
was equal to 150 mm/s in the two cases.
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Figure 5.12: Injection velocity profiles for five DoE replicates recorded when mould-
ing at: (a) high holding pressure and (b) low holding pressure. v inj
was equal to 150 mm/s in the two cases.
Once p and v were acquired through in-line monitoring, their dependence on µIM
parameters was investigated by identifying indicators that acted as process fingerprint
candidates. Variables that well characterized the shape and main features of both
pressure and velocity profiles were defined.
The process fingerprint candidates derived from the injection pressure curves were:
• pmax: the maximum value for each recorded p curve, equivalent to the peak
value. Being the pressure peak generated by the pressure drop caused by the
small size of the channels, this is an indicator of the filling behaviour.
• pmean: the average pressure in the time interval between the start and the
end of the moulding cycle (points A and C in Figure 5.13 (a)). This quantity
provides average information on the pressure acting in one moulding cycle.
• Ip: the integral of the pressure in the peak region. This region was identified
as the time interval spanning from the abrupt increase of p correspondent
to the start of the filling and the point where the injection pressure adapted
to the imposed holding profile. This quantity is related to the amount of
energy provided by the injection plunger during the filling phase and, as such,
is expected to be process dependent, being the filling of the cavity highly
influenced by variations of µIM process parameters. In particular, Ip was
calculated by applying the trapezoidal rule:
Ip = dt×
tB−dt∑
t=tA
p(t) + p(t+ dt)
2 (5.5)
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where t is the time, tA and tB are the times correspondent to points A and B
respectively (see Figure 5.13 (a)) and dt is the sampling interval of 6 ms.
• Ip/∆t: this quantity is equal to the integral mean of p in the peak region, i.e.
Ip divided by the integration range ∆t = tB – tA (see Figure 5.13 (a)). This
variable differs from Ip because it is not influenced by the range of integration,
which is in this case equal to the filling time. Therefore, Ip/∆t indicates the
average p acting within the pressure peak region.
From the injection velocity curves, two further process fingerprint candidates were
extracted:
• vmean: the mean velocity calculated as the average of the v values in the time
interval between the start of acceleration of the plunger and its stop at the
switch-over (point D to point F in Figure 5.13 (b)). This quantity is related to
the average velocity during filling.
• vslope: the slope of the velocity profile between the start and the end of the
acceleration (point D to point E in Figure 5.13 (b)). This value is equal to the
initial constant acceleration of the plunger.
The maximum value of v was not selected as fingerprint candidate since it was equal
to v inj and, as such, only dependent on that µIM parameter.
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Figure 5.13: Pressure (a) and velocity (b) profiles with points indicating the time
intervals used in the calculation of the process fingerprints candidates.
The position of the points was univocally determined by tracking slope
changes using the first order derivative value.
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5.4.1 Product fingerprint analysis
Figure 5.14 reports the results of the analysis for the five product fingerprint can-
didates. The main effects plot and the Pareto chart of the effects are shown in
order to systematically determine which parameter had a significant impact on the
responses. In both the plots, interval bars are shown. In the main effects plots, they
represent the expanded measurement uncertainty (see Table 5.4) that must be taken
into account to verify whether the measurement variability is big enough to hide the
variation induced by setting a different level of any input parameter. In the Pareto
charts, the interval bars represent the standard deviation of the effects obtained by
running five separate analyses correspondent to the the five replicates of the DoE
design. These deviations were plotted since they allow to quantify the repeatability
of the conclusions drawn from the Pareto chart: a low standard deviation of an
effect reveals that the significance of that effect is robust with respect to process
repeatability. Therefore, an effect whose interval bar overlaps with the significance
limit cannot be considered as significant.
Figure 5.14 (a) shows the results for ∆ODt. The most significant process parameter
was T melt: its increase led to a 2.5 µm decrease of replication. The other three
µIM process parameters did not have a relevant influence on the measured output
when considering the measurement uncertainty. As for the interactions, only the one
between T melt and v inj had a relevant impact, being its standardized effect larger
than the significance limit and its standard deviation bar not overlapping with it.
Figure 5.14 (b) reports the results for the replication of IDb. On average, the
replicated IDb was 14.0 µm smaller than the correspondent mould geometry, in
a similar way to ODt. The mould temperature was the only significant process
parameter. In particular, increasing T mould from 100 °C to 110 °C resulted in a
decrease in replication. This behaviour, which may seem opposite to the usual
enhancement of replication obtained with higher mould temperatures, was already
observed in the previous chapter (see subsection 4.1.7) for the replication of the
inner diameter of the micro rings. The Pareto chart of effects showed that only the
interaction between T mould and T melt was significant.
∆ODb was more sensitive to process variations than the previous measurands (see
Figure 5.14 (c)). In particular, setting high levels of phold, v inj and T mould led to
an increase of replication that was larger than the measurement uncertainty. In
this case, ∆ODb had positive values since ODb is the diameter of the circle that
identifies the perimeter of the flash formed at the end of the flow (see Figure 5.9): the
replicated diameter was larger than the correspondent one measured on the cavity.
Increasing any of the investigated process parameters had a positive effect on ∆ODb
and, consequently, on the flash size. This happened because, while using the high
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level of the mould temperature, the viscosity of the polymer melt inside the cavity
was reduced, thus provoking a better replication and, in this case, a bigger flash. A
similar effect was obtained when increasing the injection speed since the viscosity
of the melt was reduced because of the shear thinning behaviour of thermoplastic
polymers such as POM. Thus, a longer flow path inside the venting channel was
achieved, leading to the formation of a larger flash and consequently a larger ODb.
Increasing the holding pressure also increased the flash size, since more material was
allowed to enter the cavity. These findings were also confirmed by the Pareto chart,
which also revealed that the interaction between T mould and phold had a significant
impact on the measured response.
Aflash showed very similar trends to ∆ODb (see Figure 5.14 (d)). This was expected
since the two-dimensional outputs are both correlated to the flash size. However, the
measurement uncertainty was less significant in this case. Moreover, as shown by
the Pareto charts, phold was more significant for Aflash than ∆ODb, since the interval
bar of its standardized effect does not overlap with the significance limit. Differently
from the previous case, also the interaction between mould and melt temperature
was significant. Thus, it can be concluded that Aflash was more sensitive to process
variations than ∆ODb and so was a better product fingerprint candidate related to
the flash size.
Figure 5.14 (e) shows the results for the gate mark length Lmark. The size of this
defect was on average equal to 82 µm, which is relevant if compared to the overall
part dimensions. All four investigated process parameters had a significant influence
on Lmark. Increasing the input variables led to a decrease of the defect size, showing
that this product fingerprint candidate was very sensitive to µIM settings variations.
The holding pressure had the largest impact since the use of 500 bar provided parts
having on average a 30 µm shorter gate mark than those moulded with phold equal
to 250 bar. To investigate more on these effects, SEM images of parts manufactured
with different DoE combinations were taken and compared (see Figure 5.15). What
stands out is that, when moulding at the low levels of the four parameters, the
gate mark was very evident, almost occluding the upper hole of the component and
thus disabling its functionality. A zone of deformation was clearly visible around
the defect, meaning that the breakage caused by detachment of the gate from the
part was of ductile nature. Setting the µIM parameters at the high level allowed a
great reduction of the gate mark size and of the area of deformation (see Figure 5.15
(b) and (c)). Selecting the high levels of all the four process parameters generated
parts almost free of the defect. The great influence of the process conditions on the
gate mark may have been caused by a change of crystallinity of the polymer. In
fact, moulding with high levels of the process parameters may have impeded the
formation of crystalline structures because of the more drastic cooling rate, thus
decreasing the mechanical properties and in turn facilitating the brittle detachment
of the gate from the part. It is worth noting that phold, v inj, T mould and T melt all had
an opposite effect on Aflash and Lmark. This means that a simultaneous minimization
of the two defects was impossible inside the experimented process window.
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Figure 5.14: Influence of µIM process on the five product fingerprint candidates:
(a) ∆ODt, (b) ∆IDb, (c) ∆ODb, (d) Aflash and (e) Lmark.
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Figure 5.15: Gate mark appearance for different combinations of process parame-
ters [125]: (a) was moulded with low levels of T melt, phold, T mould and
v inj; (b) was moulded with low levels of phold, T mould and v inj; (c) was
moulded with low levels of phold and (d) was moulded with high levels
of the four process parameters.
The analysis of the effects of the µIM parameters on the five product fingerprint
candidates allowed to identify Aflash and Lmark as best candidates with respect to
the characteristic of process sensitivity. Both were in fact greatly influenced by all
the four investigated parameters and could thus serve to tune the process with the
aim of optimizing the quality of the produced parts.
The other characteristic that an effective product fingerprint must have is the
correlation to the overall part quality. This is necessary to guarantee an efficient
quality control based only on the measurement of a single dimensional feature. To
identify the best candidate with respect to this requirement, a correlation analysis
was carried out. In particular, the Pearson coefficient of correlation ρ was calculated
for each couple of measurands. It was calculated as:
ρ(x,y) =
∑(x − x¯)(y− y¯)√∑(x − x¯)2∑(y− y¯)2 (5.6)
where x and y are generic vectors containing two datasets and x¯ and y¯ are their
respective mean values. This coefficient can vary between -1 and +1, where the
first describes a perfect linear negative correlation and the second a perfect linear
positive correlation. A ρ equal to 0 indicates that no correlation exists between the
two examined sets of values. In this study, ρ was calculated by considering all the 80
values deriving from the DoE campaign for each product fingerprint candidate.
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Figure 5.16 shows the correlation coefficients calculated for the ten couples of product
fingerprint candidates. It can be seen that the greatest correlation (ρ = 0.9) was the
one between ∆ODb and Aflash. Both the measurands are in fact related to the flash
size, as addressed before: the increase of one determined an increase of the other
and vice versa, meaning that controlling only one of them allows monitoring the two
geometrical outputs simultaneously. A second group of coefficients of correlation
ranging from -0.5 to -0.4 can be identified. Aflash and Lmark shared, in fact, a ρ equal
to -0.5, demonstrating that a significant amount of correlation existed between these
two fingerprint candidates. This was also mirrored in the main effects plots (see
Figure 5.14) where it was shown that the investigated process parameters had an
opposite effect on the two defect sizes. Significant negative correlations were also
observed between ∆ODb and Lmark and between ∆IDb and Aflash. The second one
was caused by the geometry of the flash: a decrease of IDb resulted in an increase
of the flash area according to its definition (see Figure 5.9). The other coefficients
of correlation were all lower than 0.3 in absolute value and, as such, negligible if
compared to the others.
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Figure 5.16: Values of the coefficients of correlation calculated between each cou-
ple of product fingerprint candidates. Values were sorted largest to
smallest in absolute value.
Based on the results of the correlation analysis, it can be concluded that the
product fingerprint candidate that was most correlated to the overall part quality
was Aflash, being the one that showed high levels of ρ in combination with three
other measurands, namely ∆ODb, Lmark and ∆IDb. Thus, by controlling only this
dimensional characteristic, the best control over the overall part quality can be
carried out. Taking also into account the requirement of sensitivity to process
settings variations, the best product fingerprint for the specific part under analysis
was indeed the flash area, followed by the length of the gate mark.
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5.4.2 Process fingerprint analysis
A similar type of analysis was carried out to identify the best process fingerprint
candidate among the six indicators derived from the monitored pressure and velocity
profiles. In this case, the main effects plots were represented with interval bars equal
to the standard errors, while Pareto charts were plotted as before.
Figure 5.17 (a) shows the results for pmax, which depended mainly on phold and v inj
values. Particularly, an increase of both holding pressure and injection speed led
to an increase of the maximum injection pressure. The effect of v inj was due to the
fact that flowing a fluid with higher speed requires a higher injection pressure. The
effect of phold is, on the other hand, due to the used switch-over condition: as already
anticipated, the machine was set to switch from the filling phase to the holding
one when a certain pressure was reached. Thus, when selecting a higher phold, the
injection pressure was allowed to rise more before switching to the holding profile.
The interaction between phold and v inj was also significant.
pmean was predominantly influenced by the holding pressure (see Figure 5.17 (b)).
This happened because pmean was calculated as average p along the entire moulding
cycle (see Figure 5.13 (a)). This averaging operation minimized the relevance of the
peak phase, making the holding phase and the value of phold preponderant. All the
other effects, interactions included, were negligible.
Figure 5.17 (c) illustrates the effect of µIM process parameters on Ip. This fingerprint
candidate was mainly influenced by the holding pressure. The second most significant
effect was that of v inj. The causes of this are similar to the one discussed for pmax
dependence on the process variations. In fact, the integral of p in the peak region
was strongly influenced by the value of the p peak. However, in this case, there was a
larger sensitivity with respect to other process parameters such as T mould, which had
a more significant impact on the results but, considering the interval bars of both
main effects plot and Pareto chart, could not be considered as significant for Ip.
Ip/∆t showed a process dependence similar to Ip (see Figure 5.17 (d)). However, the
operation of normalizing the pressure integral over the integration range considerably
diminished the relevance of v inj, which remained still above the significance limit,
while enhancing that of T mould, whose effect is above the threshold in the Pareto
chart. This may have been caused by the fact that changing the injection velocity
setting had an impact on the duration of the peak region and consequently on the
filling time. Setting the high level of the mould temperature resulted in an increase
of Ip/∆t. This is somehow unexpected since increasing T mould usually decreases the
polymer viscosity and therefore the pressure needed to drive the melt through the
cavity channels. As for the previous case, interactions of v inj were also significant.
Figure 5.18 (a) shows the results for vmean, whose value was influenced mostly by v inj,
phold and their interaction. Increasing the injection speed had a positive effect on
vmean, since a higher velocity plateau was monitored. Increasing the holding pressure
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Figure 5.17: Influence of µIM process on the four process fingerprint candidates
derived from monitored injection pressure curves: (a) pmax, (b) pmean,
(c) Ip and (d) Ip/∆t.
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had a similar impact: this was due to the fact that, when moulding at the high level
of phold, no deceleration of the plunger, and therefore no decrease of speed during the
filling phase, was observed (see Figure 5.12 (b)). The significance of the interaction
was caused by the fact that, when using high phold, an increase of injection speed led
to a larger increase of vmean than when using a low phold. Indeed, the deceleration
behaviour was similar when using both high and low v inj.
vslope depended only on the injection speed (see Figure 5.18 (b)). In particular,
moulding at high v inj led to a substantial increase of the plunger acceleration from
260 mm/s2 to 1100 mm/s2. This demonstrated that, when a higher v inj was selected,
the machine motor provided the plunger with a higher acceleration in order to reach
it in a comparable amount of time.
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Figure 5.18: Influence of µIM process on the four process fingerprint candidates
derived from monitored injection velocity curves: (a) vmean and (b)
vslope.
In conclusion, this investigation revealed that holding pressure and injection speed
were the most influencing parameters for the six process fingerprint candidates
extracted by monitored injection pressure and velocity profiles. On the other hand,
mould and melt temperature variations were in most cases not significant. This
was because pressure and velocity were both measured at the injection plunger
location: quantities measured inside the mould with external sensors are normally
more sensitive to T melt and T mould variations. Only the candidate Ip/∆t showed a
relevant dependence on T mould, making this indicator the best process fingerprint
candidate among those extracted from p and v with respect to sensitivity to µIM
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process variation: by in-line monitoring Ip/∆t value, variations of holding pressure,
injection speed and mould temperature can be observed and quantified.
To evaluate the relation between Ip/∆t and the part quality, and therefore the
applicability of this variable as in-line quality assurance tool, the same approach
used for the product fingerprint correlation analysis was adopted. In this case, the
coefficient of correlation ρ was calculated by applying Equation 5.6 to Ip/∆t and the
five product fingerprint candidates.
Figure 5.19 shows the results. The correlation coefficients appear as divided into two
distinct groups: one made of ρ values calculated for Lmark, ∆ODb and Aflash, which
were all larger than 0.7 in absolute value, and the other of ρ values calculated for
∆IDb and ∆ODt. Thus, Ip/∆t was highly correlated with the size of the gate mark
and the flash, i.e. the defects affecting part quality, and with the dimension of ODb,
which was in turn highly related to Lmark and Aflash (see Figure 5.16). On the other
hand, the other two measurands showed no relevant link with the integral mean of
p, since the correlation coefficients were equal to -0.25 and 0.21 for ∆IDb and ∆ODt
respectively. These findings proved that Ip/∆t, besides being sensitive to variations
of µIM process parameters, was also correlated to the two best product fingerprint
candidates. Therefore, it can act as the bridge between process monitoring and
part quality, representing the link needed to perform a fast in-line assurance of the
investigated moulded component.
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Figure 5.19: Values of the coefficients of correlation calculated between Ip/∆t and
the five product fingerprint candidates. Values were sorted largest to
smallest in absolute value.
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5.4.3 In-line quality assurance strategy
Figure 5.20 shows the two best product fingerprint candidates plotted against Ip/∆t.
It can be observed that there existed a relation among the data. In fact, there is
an almost linear correlation between Lmark and the integral mean. The data also
show a limited dispersion around the fitted linear trend, demonstrating that the
relation between the two variables was robust inside the range of the experimented
variables. Being the slope of trend negative, a higher Ip/∆t determined a smaller
gate mark on the moulded parts. This finding agrees with the opposite slopes of the
main effects plots for the two variables (see Figure 5.14 (e) and Figure 5.17 (d)). By
controlling the identified process fingerprint, an accurate control on the size of this
defect can be performed: Ip/∆t must be kept at values around 500 bar if the size of
the gate mark has to be minimized. Oppositely, Ip/∆t equal to 300 bar generated a
defect having double the size. As regards the size of the flash, indicated by the Aflash
value, a positive trend can be observed. Therefore, lower Ip/∆t values were needed
to minimize the size of this defect: the lower the pressure applied during filling, the
smaller the flash. In this case, the data were more dispersed than for Lmark, resulting
in a less precise and accurate prediction. However, the general data trend is still
evident. Being Aflash correlated to most of the other dimensional measurands (see
Figure 5.16), the quality optimization can be effectively carried out by monitoring
Ip/∆t for every moulding cycle, thus assessing the quality of all moulded parts.
300 400 500
30
60
90
120
300 400 500
0.055
0.060
0.065
0.070
(b)
L m
a
rk
/µ
m
Ip/∆t/bar
(a)
A f
la
sh
/m
m
2
Ip/∆t/bar
Figure 5.20: (a) Lmark and (b) Aflash versus Ip/∆t. Red dashed lines represent the
linear trends. Each point is the average of the five DoE replicates.
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5.5 Summary and conclusions
The product/process fingerprint framework was applied to a 3D micro moulded
component with the aim of defining an in-line procedure for quality assurance based
on process monitoring.
As product fingerprint candidates, the main dimensional features of the part were
identified and measured off-line. Particular attention was paid to the quantification
of the two defects that affected the part quality, i.e. flash and gate mark. The process
fingerprint candidates were, on the other hand, defined based on in-line monitored
pressure and velocity curves. No external sensor was used since the monitored profiles
were extracted from the machine control unit. The best candidates were then selected
by considering two characteristics: sensitivity to process variations and correlation
to part quality.
The following conclusions can be drawn from this chapter:
• The variation of µIM process settings had a relevant impact on the geometry
of the micro component. Particularly, the flash area and the length of the
gate mark showed the largest sensitivity to the change of process parameters.
Therefore, optimising the process is of primary importance for obtaining parts
having the desired features.
• The variation of the four investigated process parameters had an opposite effect
on the size of the two defects: an increase of the flash size always happened
with a decrease of the gate mark size and vice versa. Their simultaneous
minimization was thus not possible to obtain within the investigated process
window, posing a great challenge with respect to quality optimization.
• The morphology and appearance of the gate mark were strongly influenced
by the moulding settings. In fact, a zone of deformation, which significantly
increased the size of the defect, was clearly visible only when moulding with
low levels of the parameters.
• The flash area was the measurand with the highest level of correlation to
part quality, as demonstrated by calculating coefficients of correlation. By
measuring the effects of µIM parameters on this indicator, robust conclusions
can be made also on three other measurands: ODb, Lmark and IDb. Therefore,
Aflash was the best product fingerprint candidate for the micro component.
• The process fingerprint candidates extracted from in-line monitored injection
and velocity curves were mostly influenced by phold and v inj. The only one
that showed a significant dependence on T mould was the mean integral of the
pressure during filling Ip/∆t. This variable increased when selecting the high
levels of the µIM parameters. Being the most process sensitive among the
candidates, it was selected as best process fingerprint.
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• Ip/∆t showed a significant correlation with three measurands. In particular, the
size of both flash and gate mark could be effectively controlled by monitoring
Ip/∆t value for each moulding cycle. This discovery demonstrated that in-line
process optimization in µIM can be carried out by means of a robust monitoring
strategy to control the dimensional quality of all manufactured parts.
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6 Development of product/process
fingerprints for nano scale surface
replication
The present chapter describes the application of the product/process fingerprint
framework to a micro moulded component featuring a nano-structured surface texture.
The goal was, as for the previous study, the development of a strategy for fast in-line
quality assurance based on process monitoring.
The surface replication performance of the µIM process at the nano scale was
investigated for two polymers, one amorphous and one semi-crystalline, having
similar viscosities. Areal surface texture parameters were selected in order to fully
characterize the nano features of the surface. As process monitoring technique,
flow visualization was employed as it provided an in-cavity measurement of the
polymer melt conditions. An in-line quality assurance strategy for the replicated
nano-structured parts based on in-cavity temperature profiles was finally proposed.
The results presented in this chapter has been submitted to publication [130].
6.1 Introduction
Micro- and nano-structured surfaces have attracted great attention in many fields
such as microfluidics [81] and optics [131]. The most efficient and cost-effective way
to manufacture components featuring this type of surfaces is to replicate a master
geometry using a polymeric material. µIM stands out as the preferred solution
because of its extremely high replication accuracy and short cycle time.
The replication of nano-structured surfaces is challenging and fundamentally differs
from the replication of geometries having micrometre to sub-millimetre dimensions as
those addressed in chapter 5. This is particularly true when high aspect-ratio features
are the target because of the hesitation effect (see subsection 3.1.2). Moreover, being
the size of the replicated features particularly small, the size effects of µIM become
even more important. Adopting a state-of-the-art µIM machine can substantially
improve the capability of the moulding process, but the complete replication of nano
features is still difficult to achieve.
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In literature, mould temperature and injection speed are widely reported as the
process parameters that govern surface replication: high levels of both are typically
needed to maximize replication because of their beneficial effects in contrasting the
growth of the frozen layer, keeping the viscosity at the polymer-mould interface
at a low value and widening the process window by postponing the freezing of the
gate [42, 80].
Since the effects of µIM process parameters on the replication fidelity are very
significant, the process optimization phase becomes central for obtaining a product
that complies with the design specifications. This optimization relies on the accurate
measurement of the surface texture of the moulded parts. For this task, optical
instruments represent the preferred solution for their contact-less nature, nanometric
resolution and versatility. However, the high throughput rate of µIM does not allow
the quality assessment of all the manufactured polymeric parts using an in-line
approach, being the measuring time of typical optical instruments, which is in the
order of 2 to 10 minutes, much longer than a single moulding cycle. The most
promising solution for in-line characterization of injection moulded samples having
structured surfaces is nowadays scatterometry [132], which however is best suited
for well-defined micro and nano structures such as gratings and therefore cannot be
successfully applied to more complex and less deterministic surfaces such as laser
textured ones.
In this chapter, a solution for in-line quality assessment of nano-structured moulded
parts manufactured by replicating a laser-machined surface is investigated. This
method is based on the combination of product and process fingerprints (see sec-
tion 1.2).
The applied method is slightly different from that employed in chapter 5. In
fact, the identification of the product fingerprint was, in this study, related to the
definition of the areal texture parameters that allowed the best characterization of
the surface replication. Therefore, the product fingerprint was represented by a set
of roughness parameters, since no other geometrical feature of the part was linked to
the functionality and therefore no other dimensional target was taken into account.
As for the process fingerprint, the same procedure applied in chapter 5 was carried
out (see Figure 6.1). The monitoring technique applied in this investigation was
flow visualization with an infrared camera. Its applicability to in-line monitoring of
nano-scaled surface replication had never been investigated before in µIM literature,
even though its use is very promising since the temperature distribution within the
cavity has a huge impact on how the mould surface is replicated.
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Figure 6.1: Flowchart representing the experimental work for the nano-structured
part. The upper branch ends with the determination of the most
representative surface texture parameters. The lower one is dedicated to
the identification of the process fingerprint yielding the best performance
in terms of in-line quality assurance control.
6.2 Case study and mould design
The moulded part was a disc with diameter 17.0 mm and thickness 0.6 mm (total
volume of circa 135 mm3) featuring a circular nano-structured area of diameter
10.0 mm that serves for antibacterial purposes. This area was manufactured by
replicating a laser-structured insert made of tool steel integrated into a Hasco-K
standard modular system with a single cavity (see Figure 6.2).
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Figure 6.2: (a) Geometry and nominal dimensions in mm of the moulded part. (b)
Movable side of the mould with nano-structured insert.
A Yb-doped sub-pico 5 W laser source by Amplitude Systemes (Pessac, France)
operating on a wavelength of 1030 nm was used. An average laser power of 0.55 W,
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a scanning speed of 2 m/s and a frequency of 500 kHz were the parameters selected
to generate the surface. The resulting texture presented a single-lay periodic pattern.
The average height of the ripples generated on the insert was 50 nm while the pitch
900 nm (see Figure 6.3).
(a) (b)
Figure 6.3: Appearance of the laser-textured surface of the insert: (a) 3D acquisition
with the confocal microscope and (b) SEM image.
The mould was modified to integrate a 45° tilted mirror and a sapphire window
in the movable plate to allow the visualization of the cavity during moulding (see
Figure 6.4 (a)). A high-speed infrared camera (FLIR X6540 SC, FLIR Systems,
Wilsonville, OR, USA) was aligned to the mirror to image the cavity by means of
the sapphire window (see Figure 6.4 (b)). The camera, which had been previously
calibrated over a range of temperatures varying from 5 to 300 ◦C, has a cooled
indium antimonide (InSb) focal plane array detector with a spectral range of 1.5 to
5.0 µm. It was operated with a frame-rate of 100 Hz and a field of view of 9 mm ×
7 mm, which was set to the maximum possible value and allowed to cover most of the
nano-structured cavity. The distance between the camera objective and the mould
lateral opening was set in order to image the nano-structured cavity, thus monitoring
the temperature at the mould-polymer interface, which plays a central role in the
replication. Each acquisition was triggered manually at the start of the injection
cycle. The temperature information for each pixel, at each recorded time step, was
then extracted using a dedicated software coupled with the infrared camera.
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Figure 6.4: (a) Scheme of the mould system with the flow visualization apparatus.
(b) Infrared camera imaging the structured surface.
6.3 Experimental
6.3.1 Experimental design
A state-of-the-art µIM machine (Wittmann Battenfeld MicroPower 15) was used for
the moulding experiments (see Figure 2.5 (a) for details). Two different polymers
were moulded: unfilled Polyoxymethylene (Hostaform® C27021, manufactured by
Celanese, Irving, TX, USA) and Polycarbonate (Makrolon® AL2447, manufactured
by Covestro, Leverkusen, Germany). Table 6.1 reports the main characteristics of
the two polymer grades and Figure 6.5 shows their viscosity and pvT data.
Table 6.1: Main properties of the two moulded materials. MVR data were gathered
at a temperature of 190 ◦C and a load of 2.16 kg for POM and at a
temperature of 300 ◦C and a load of 1.2 kg for PC.
Polymer Density/(g/cm3) MVR/(cm3/10min)
POM 1.41 24.0
PC 1.20 19.0
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Figure 6.5: (a) Viscosity plot at the experimented melt temperatures for the two
polymers. (b) pvT data at different pressures for the two polymers [129].
The two materials have high flowability as indicated by their very high MVR values
and thus are suitable for filling small cavity details. The two polymers were selected
since they exhibit very similar viscosity values at the experimented conditions (see
Figure 6.5 (a)) even though their molecular structure is different, being POM semi-
crystalline and PC amorphous. Therefore, comparing the behaviours of the two
materials with respect to the variation of the processing conditions allowed to evaluate
the influence of the different molecular structure on the replication.
A DoE approach was adopted to study the effects of the variation of µIM process
parameters on the replication performance and identify the most suitable process
fingerprint. Four process parameters were varied, namely holding pressure, injection
speed, mould temperature and melt temperature. A two-level full factorial 24
experimental design was carried out. For each experimental run, the first ten
moulded parts were discarded and the following five kept for evaluation. Therefore,
80 moulded parts were characterized for each material. Table 6.2 shows the levels of
the process parameters, which were identified for both materials in a preliminary
experimentation that aimed at obtaining consistent filling and minimized warpage of
the moulded disc. To evaluate the difference between the two materials in terms of
replication performance, they were processed in similar conditions: the same levels of
mould temperature and injection speed were selected and the same range of variation
was kept for holding pressure and melt temperature.
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Table 6.2: DoE process settings for the two materials.
POM PC
Process parameter Symbol Unit Low High Low High
Holding pressure phold bar 250 750 750 1250
Injection speed v inj mm/s 50 150 50 150
Mould temperature T mould ◦C 100 120 100 120
Melt temperature T melt ◦C 190 210 290 310
6.3.2 Surface topography measurement and uncertainty
evaluation
The insert and the replicated polymer surfaces were characterized using a laser
scanning confocal microscope (Olympus Lext OLS4100) with a 100× magnification
objective lens (see Table 2.4 for the characteristics). This measurement instrument
was particularly suitable for the task since it is capable of acquiring transparent
samples such as those moulded with PC. Moreover, a very high lateral resolution was
necessary to characterize the finely-spaced ripples of the laser-structured surface.
Different areas were acquired on metal insert and moulded parts to evaluate the
homogeneity of replication. In fact, it was of primary importance to ensure that the
mould nano features were replicated at the same level over the entire structured area.
In particular, five measurement areas were defined: one correspondent to the centre
of the circular area, two along the flow direction and two on its perpendicular. The
distance between the central area and the others was 2 mm. By measuring over these
areas, the influence of the distance from the gate on the replication accuracy and
the symmetry of replication could be evaluated. Figure 6.6 shows the scheme of the
measurement areas, which were named according to the Cartesian coordinates of a
plane centred on the centre of the disc. Each acquisition was repeated three times.
The raw surface acquisitions were post-processed using an image processing software
(SPIP 6.7.3, Image Metrology A/S, Hørsholm, Denmark) before extracting quantita-
tive information on the surface texture. Firstly, the 3D acquisitions were flattened
by subtracting the first order plane fitted on the point cloud, thus eliminating any
influence of a possible tilt. After that, a spatial filter was applied in order to filter
the waviness out and consequently evaluate the capability of the µIM process when
replicating only the laser-machined ripples, which provide the functionality to the
part. Being the pitch of the ripples circa 900 nm, a linear areal Gaussian high-pass
filter [133] at 1.0 µm was applied. By doing this, the overall waviness of the surface
was effectively eliminated (see Figure 6.7). This procedure was necessary because
the calculation of surface roughness parameters on the unfiltered surfaces would
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have been more sensitive to the low-frequency waviness rather than to the texture
generated by the nano structures.
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Figure 6.7: Average profile of the (0,0) insert surface in the direction perpendicular
to the ripples: (a) as acquired and (b) after filtering with a Gaussian
high-pass 1.0 µm filter.
After levelling and filtering, the surface topography was evaluated with areal texture
parameters, which were then used to assess the replication by comparing master and
moulded samples. In particular, the root mean square of the height Sq and the root
mean square gradient Sdq of the surface were computed [134]. Sq is defined as:
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Sq =
√
1
A
∫∫
A
z2(x, y)dxdy (6.1)
where A represents the finite measured area upon which the height function z(x,y) is
defined. This parameter provides information on the average areal surface roughness
of the surface, thus being a useful indicator for the replication of the height of
the laser-machined ripples of the insert. It carries very similar information to the
arithmetical mean height Sa, which is widely used to characterize antibacterial
surfaces [135–137], but is more sensitive to local spikes or defects due to its quadratic
nature and therefore usable to detect local defects.
Sdq is defined as:
Sdq =
√√√√√ 1
A
∫∫
A
(∂z(x, y)
∂x
)2
+
(
∂z(x, y)
∂y
)2 dxdy (6.2)
and is sensitive to the local slope of the surface. It can be used to determine whether
local surface slopes have been replicated accurately. Therefore, by calculating Sq
and Sdq, both the height and the slope of the ripples were characterized. Starting
from Sq and Sdq values, two replication indicators were calculated for each of the 80
moulded samples. The indicators were defined as:
∆S =
Spart − Smould
Smould
(6.3)
where Spart and Smould are Sq or Sdq calculated for a moulded part and the mould
respectively in correspondent measurement areas.
The uncertainty of the roughness measurements was also characterized. This was
necessary since variations in replication accuracy due to processing conditions are
typically in the order of nanometres when considering surface roughness. Therefore,
the precision of the measurement results must be characterized in order to make the
right conclusions on the significance of the effect of a particular process parameter.
In this study, the uncertainty U was calculated once again following ISO 15530-
3 [119]. A calibrated injection moulded roughness standard introduced by Tosello et
al. [138] and having nominal Ra roughness of 100 nm was used. Three uncertainty
contributions were taken into account for both Sq and Sdq measurements: ucal, as
the uncertainty of reference AFM measurements on the calibrated artefact [138];
up, introduced by the measurement procedure and calculated as standard deviation
of 20 repeated measurements of the artefact; and uw, associated with material and
manufacturing variations of the actual measurand. The contribution due to the
instrument resolution was not considered since the vertical resolution value declared
by the microscope manufacturer cannot be verified. uw was calculated as:
113
6 Development of product/process fingerprints for nano scale surface replication
uw =
max(S)−min(S)
2
√
3
(6.4)
where S is the vector listing the three repeated Sq or Sdq measurements per part. The
three contributions were then combined using the law of propagation of uncertainty
to determine the expanded uncertainty U [95]:
U = k ×
√
u2cal + u2p + u2w (6.5)
where k is the coverage factor of 2 selected to achieve a 95 % approximated confidence
interval. Table 6.3 and Table 6.4 report the uncertainty budgets for POM and PC
respectively. The uncertainty results were very similar for the two materials, proving
that there was no significant interaction between the selected microscope and the
two different polymers.
Table 6.3: Average uncertainty contributions and expanded uncertainty U of the
measurements of the POM moulded samples.
Uncertainty contribution Sq/nm Sdq
ucal 2.10 0.009
up 0.30 0.009
uw 0.55 0.009
U (k = 2) 4.4 0.032
Table 6.4: Average uncertainty contributions and expanded uncertainty U of the
measurements of the PC moulded samples.
Uncertainty contribution Sq/nm Sdq
ucal 2.10 0.009
up 0.30 0.009
uw 0.26 0.009
U (k = 2) 4.3 0.032
6.3.3 Process monitoring
The temperature distribution inside the mould cavity was obtained by processing
the videos recorded by the infrared camera using a dedicated software. In particular,
for PC, the data were gathered only for the first half of the experimental plan due
to feasibility reasons. Therefore, process fingerprint data were analysed according to
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a 23 plan performed at low melt temperature (290 ◦C) for this material. Conversely,
monitoring data derived from the whole 24 design were available for POM.
By looking at the recorded infrared images, the behaviour of the polymer melt inside
the cavity could be clearly observed. The polymer melt entered the thin cavity and
then proceeded to fill it progressively (see Figure 6.8 and Figure 6.9). Once the
filling was complete, the polymer melt started to cool down and the part eventually
detached from the sapphire window wall due to volumetric shrinkage. A great
influence of the mould temperature could be observed: by comparing Figure 6.8 and
Figure 6.9, it can be seen that when the high level of this parameter was used, the
polymer melt not only had a generally higher temperature but also a larger hotter
area, indicating that a better adhesion to the sapphire window was also promoted.
The curve of the maximum temperature among all the pixels over time was selected as
the output of the process monitoring. In fact, the maximum temperature T max carries
valuable information on the polymer melt conditions as the filling progresses. There-
fore, a time-profile of the maximum temperature was extracted for each experimental
run.
Figure 6.8: Infrared images captured at different filling stages during an experiment
with POM using low T mould. The circle visible on the background
represents the perimeter of the structured area. The contour bars
represent the temperature scale in °C. Flow direction is right to left in
each image.
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Figure 6.9: Infrared images captured at different filling stages during an experiment
with POM using high T mould. The circle visible on the background
represents the perimeter of the structured area. The contour bars
represent the temperature scale in °C. Flow direction is right to left in
each image.
Figure 6.10 shows the shape of five T max profiles correspondent to DoE repetitions.
The very high repeatability of the process was reflected by five almost overlapped
curves. After the initial phase in which the temperature equals T mould, a sharp linear
increase signalling the start of the filling was observed. Two temperature peaks are
distinguishable: the first (T peak1) is related to the burn effect caused by the rapid
compression of the air due to the flow front advancement, while the second one
(T peak2) represents the maximum flow front temperature within the cycle [108]. It
can be seen that T peak2 was lower than the melt temperature: this has been already
reported in the literature when using an infrared camera [106] and was caused by the
infrared absorption characteristics of POM and PC, which are both quite transparent
to IR radiation. After the two peaks, the temperature declined rapidly as the polymer
melt touched the colder mould surface during the packing and cooling phases of the
moulding cycle.
Once the T max profile was extracted for each moulded part, indicators that well
characterized the shape and main features of the curves were calculated and then
considered as process fingerprint candidates. Therefore, these variables were inves-
tigated with respect to their dependence on process settings variation and to the
correlation with the replication quality expressed by ∆Sq and ∆Sdq. In particular,
five candidates were identified::
• T peak1: the first temperature peak (see Figure 6.10). This quantity relates to
the temperature reached at the start of filling due to the burning effect.
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Figure 6.10: Maximum temperature profiles during five repeated moulding cycle
with POM (T mould = 120 °C, T melt = 190 °C). The moulding phases,
as well as the temperature peaks, are indicated.
• T peak2: the second temperature peak (see Figure 6.10), which is related to the
maximum flow front temperature reached inside the cavity in the moulding
cycle. This variable provides information on the thermal conditions experienced
by the polymer melt.
• T mean1: the average temperature in the time interval between point A and C
in Figure 6.11. It provides an average information on the abrupt temperature
increase at the beginning of the moulding cycle.
• T mean2: the average temperature in the time interval between point A and D
in Figure 6.11, which spans from the start of the filling and second peak. It is
related to the average thermal energy of the polymer during the filling of the
cavity.
• dT/dt: the slope of T max profile at the start of the filling. This indicator
quantifies the heating rate in the cavity and was calculated as:
dT
dt =
TB − TA
tB − tA (6.6)
where T A, T B, tA and tB are temperature and time values corresponding to
the start and the end of the linear rise of temperature at the beginning of the
filling (see Figure 6.11).
117
6 Development of product/process fingerprints for nano scale surface replication
0.0 0.2 0.4 0.6 0.8 1.0
120
130
140
150
160
170
B
DC
A
T m
a
x/°
C
t/s
Figure 6.11: Maximum temperature curve with points indicating the intervals used
for the calculation of the process fingerprint candidates. The points
were identified by tracking first-order derivative values.
6.4 Results and discussion
6.4.1 Surface replication analysis
The homogeneity of replication among the entire structured area was evaluated by
comparing ∆Sq and ∆Sdq values of the five measurement areas. Figure 6.12 reports
the results for each of the 16 DoE runs. For both POM and PC, the replication
quality in the five areas was congruent throughout the experimental campaign. In
fact, no difference was notable between the results of the measurements among the
five different positions due to overlapping uncertainty intervals. Moreover, the data
dispersion for each DoE run was almost constant, proving that also the same level
of precision was achieved throughout the various experiments. Because of this, the
results of the five areas were considered as replicates of the DoE plan, thus making 25
replicates available considering also the five consecutively moulded part per process
settings combination. What also stands out in Figure 6.12 is the correlation between
∆Sq and ∆Sdq for both materials.
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Figure 6.12: Replication results for Sq and Sdq on the five different measurement
areas plotted against the 16 DoE runs for (a) POM and (b) PC.
Interval bars represent the expanded measurement uncertainty.
Figure 6.13 shows the results of the DoE analysis for POM. Main effects plot and
Pareto chart of effects are shown. In the first, the expanded measurement uncertainty
U is shown to verify whether the measurement precision covered the effect of the
process parameters. In the second, the interval bars are built as in chapter 5, thus
they represent the standard deviation of the effects obtained by running five separate
analyses correspondent to the the five DoE replicates.
The replication of both Sq and Sdq was dominated by the effect of the mould
temperature: setting high T mould resulted in an average increase of circa 0.5 for
∆Sq and ∆Sdq. The positive effect the mould temperature on replication has been
already reported in the literature and is related to a decrease of viscosity and delayed
solidification that in turn facilitates the filling of the surface nano structures. In
particular, when using mould temperature of 100 °C, the nano ripples were only
partially replicated (see Figure 6.15 and Figure 6.16) as the polymer melt did not
fill completely the valleys of the topography of the master surface. This imperfect
replication was mirrored in a decay of both Sq and Sdq since the moulded surface had
lower nano structures (i.e. lower Sq) and with a generally lower slope (i.e. lower Sdq).
Conversely, when setting the mould temperature at 120 °C, the replicated features
resembled the ones of the insert much more because the local rise of temperature
significantly reduced the viscosity of the melt within the nano-structured cavity. The
second more relevant process parameter was T melt, whose increase led to a better
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replication of the master surface. However, considering the measurement uncertainty,
this setting could not be considered as significant since the interval bars of the
two levels overlap. The effects of phold and v inj were negligible. The Pareto charts
confirmed the predominance of T mould, which had by far the largest effect on the
replication indicators. The second biggest effect was the interaction between phold
and T mould: it was observed that moulding with the high level of T mould increased
the effect of phold, making the setting of 750 bar more significant for achieving a
better replication. The interaction between phold and v inj was also significant: only
when using the high level of injection speed, was the increase of holding pressure
beneficial for the replication. This happened because a more efficient packing phase
was performed thanks to the faster injection and consequently postponed freezing of
the gate.
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Figure 6.13: Main effects plot (left) and Pareto chart of effects (right) for replication
indicators (a) ∆Sq and (b) ∆Sdq for POM.
Figure 6.14 shows the results for PC. Similarly to the other material, the mould
temperature had the biggest impact on replication: setting T mould at 120 °C increased
∆Sq and ∆Sdq of 0.2 and 0.1 respectively, resulting in better-replicated nano ripples
(see Figure 6.15). The effects of the other process parameters were negligible for the
analysis. The Pareto charts show that, as for POM, the interactions between phold
and T mould and between phold and v inj were significant.
120
6.4 Results and discussion
75
0
12
50
-0.8
-0.7
-0.6
50 15
0
10
0
12
0
29
0
31
0
vinj/(mm/s)
∆ S
q
phold/bar Tmould/°C Tmelt/°C
Tm
ou
ld
ph
old
*Tm
ou
ld
ph
old
*v
inj
Tm
elt vin
j
ph
old
Tm
ou
ld*
Tm
elt
ph
old
*Tm
elt
vin
j*Tm
elt
vin
j*Tm
ou
ld
0
15
30
45
60
75
St
d 
ef
fe
ct
 
∆ S
q
(a)
75
0
12
50
-0.90
-0.85
-0.80
50 15
0
10
0
12
0
29
0
31
0
∆ S
dq
phold/bar vinj/(mm/s) Tmould/°C Tmelt/°C
Tm
ou
ld
ph
old
*Tm
ou
ld
ph
old
*v
inj
Tm
elt vin
j
ph
old
Tm
ou
ld*
Tm
elt
ph
old
*Tm
elt
vin
j*Tm
elt
vin
j*Tm
ou
ld
0
15
30
45
60
75
St
d 
ef
fe
ct
 
∆ S
dq
(b)
Figure 6.14: Main effects plot (left) and Pareto chart of effects (right) for replication
indicators (a) ∆Sq and (b) ∆Sdq for PC.
By comparing the results for the two materials, it can be observed that the slopes of
the main effects plots were the same for the four process variables considering both
∆Sq and ∆Sdq. This proved that, even though the molecular structure of the two
polymers was different, µIM settings had the same impact on the replication of the
nano ripples. However, the replication fidelity achieved with POM was higher than
that obtained with PC. This was particularly true when using the high level of mould
temperature (see Figure 6.15 and Figure 6.16): if, on one side, POM replicated the
nano structures well when setting T mould at 120 °C, on the other, PC only showed a
slight improvement with respect to the low setting condition. Since the difference
in viscosity between the two polymers was very small (see Figure 6.5 (a)), such an
important difference can hardly be explained by this characteristic. Other properties
of the polymer melt may have played a role in yielding this discrepancy. In particular,
PC has a much higher molecular weight of repeat unit (254 g/mol) if compared to
POM (30 g/mol). Since this property is known to have an influence on the molecular
chain stiffness [139], it is possible that POM chains, being more flexible, were capable
of replicating the nano ripples more accurately.
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Figure 6.15: Surface replication when moulding at low (orange) and high (red)
mould temperature for POM and PC in the same area. The corre-
spondent insert surface is also shown in blue.
Figure 6.16: 3D detail of the insert and replicated surfaces.
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For both materials, ∆Sq and ∆Sdq values were correlated, as shown by the similar
main effects plots and Pareto charts. The connection between the two indicators
was due to the link between Sq and Sdq: when considering surfaces having similar
features, as those obtained replicating the same master geometry, an increase of
average height comes with an increase of average slope and vice versa. This is clearly
shown in Figure 6.15: surfaces replicated with high T mould have both increased height
and slope with respect to those moulded with low T mould. However, the correlation
between ∆Sq and ∆Sdq was different for POM and PC.
Figure 6.17 shows the relationship between ∆Sq and ∆Sdq for the two materials.
Firstly, what stands out is that the replication of Sq and Sdq parameters was linked
by a linear relationship, meaning that the two areal texture parameters can be
controlled just by assessing only one of the two. This feature turns particularly useful
in an in-line quality assurance framework since the calculation of one topography
indicator yields a double relevant outcome. It can also be observed from the graph
that the slope of the line fitting POM data is much higher than that of PC, meaning
that an increase of ∆Sq resulted in a smaller variation of ∆Sdq for the latter. The
reason for this must be searched in the peculiar morphology of the nano ripples,
which have a complex shape on their upper part, with two peaks appearing in the
majority of the cases (see Figure 6.18 (a)). This morphology was generated by the
laser structuring process and was partially replicated only on the parts moulded with
POM at high mould temperature (see Figure 6.18 (b)). In fact, PC was not fully
able to develop the double-peaked structure of the master, even when setting high
T mould (see Figure 6.18 (c)). Having the two peaks a high slope, their presence in the
profile influenced more the value of Sdq than that of Sq. Therefore, while ∆Sq was
related to the capability of replicating the master surface with respect to the height,
∆Sdq was linked to how well the peculiar morphology of the master nano ripples was
reproduced on the replica. The increase of T mould from 100 °C to 120 °C allowed
POM to increase the replication of both height (mirrored by an increase of ∆Sq) and
morphology (mirrored by an increase of ∆Sdq) of the master surface. Conversely, for
PC, only the replication of the height was improved significantly when setting high
T mould, since ∆Sdq did not show a relevant increase, proving the double-peaked shape
of the nano ripples was still not replicated.
This analysis demonstrated that the combined use of Sq and Sdq was necessary to
quantitatively characterize the difference between the different types of replication
obtained with the two materials.
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Figure 6.18: Detail of replicated structures at high T mould. Nano ripples: (a) of
the insert, (b) of the replicated POM and (c) of the replicated PC.
6.4.2 Analysis of flow visualization data
Effect of holding pressure, injection speed and mould temperature
The effects of phold, v inj and T mould on the five variables extracted from the monitored
temperature curves were investigated. The effect of T melt was analysed separately
since the monitoring data gathered at high T melt were only available for POM.
Figure 6.19 shows the results for POM. T peak1 was positively influenced by v inj and
T mould, while phold effect was negligible (see Figure 6.19 (a)). This behaviour was
strongly linked to the burning phenomenon that generated the first temperature peak.
In particular, a polymer melt having higher speed generates a higher compression
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of the air in the cavity, thus enhancing T peak1. A similar effect, but greater in
magnitude, was caused by an increase of mould temperature, meaning that a hotter
cavity also favoured the burning effect.
T peak2, which is related to the maximum flow front temperature, also increased when
setting the high levels of v inj and T mould (see Figure 6.19 (b)). In this case, also the
impact of the holding pressure was significant, as well as two interactions. A higher
injection speed generated higher shear rates in the polymer melt and therefore a
higher temperature due to shear heating. The effect of the mould temperature can
be explained by considering that a larger amount of heat provided by the mould
walls contributed to increasing melt flow temperature. Finally, the effect of phold was
unexpected since the value of this variable is usually not supposed to play a role
during the filling phase. This strongly suggests that the cavity was filled during the
holding phase of the process, as often happens when very small volumes are injected
and thus the final stage of the moulding cycle actually provides the melt to complete
the filling [96]. For this reason, a higher phold favoured the entrance of more material
inside the cavity and thus increased the value of T peak2.
The two average temperatures T mean1 and T mean2, which were calculated in different
time intervals of the moulding cycle, showed similar dependences on the process
parameters (see Figure 6.19 (c) and (d)). In particular, T mould had the most important
impact, yielding an increase of both indicators when its high level was selected. This
happened because selecting the high mould temperature both increased the initial
plateau, which was correlated to T mean1, and the second peak of temperature, which
had a positive influence on the magnitude of T mean2. The injection speed was
significant only for T mean2, because of what mentioned for T peak2, while the holding
pressure was negligible for both average temperatures.
Finally, the last candidate dT/dt showed a predominant dependence on v inj: setting
a higher injection speed determined a more drastic increase of temperature in the
cavity due to a faster flow rate. The dependence on T mould was less relevant and
caused by the fact that starting the cycle with a higher mould temperature directly
lowered the value of dT/dt as defined in Equation 6.6. phold effect was, on the other
hand, negligible.
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Figure 6.19: Influence of µIM on (a) T peak1, (b) T peak2, (c) T mean1, (d) T mean2 and
(e) dT/dt for POM.
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Figure 6.20 shows the effects of the process parameters on PC. Firstly, it can be
observed that the signs of the slopes are very similar to those observed for POM,
thus confirming the physical explanations behind the effects and highlighting the
fact that there existed similarities between the two polymers. However, there was a
major difference in terms of the significance of the µIM process parameters on the
fingerprint candidates. In fact, the injection speed had a much larger impact on
T peak1, T peak2 and T mean2 for PC if compared to POM, where the mould temperature
played the most important role. This might have been caused by the different
molecular structure of the two polymers: the predominance of v inj for PC suggests
that the thermal history of this material was governed by the shear rate, which is
mainly influenced by the injection speed setting. On the other hand, for POM, the
temperature to which the melt was exposed in the cavity was the most important
characteristics, being the mould temperature the parameter having the largest impact
on most of the indicators extracted from the monitored curves. The only indicator
that was mostly dependent on T mould for POM and PC was T mean1 because of the
fact that the initial plateau was equal to the mould temperature for both polymers.
dT/dt behaved in a very similar way for the two materials. The injection speed
was, in fact, the most significant µIM variable, confirming that the initial rise of
temperature was mainly influenced by the flow rate.
It can be concluded that T peak1, T peak2, T mean1 and T mean2 were all generally sensible
to the variation of µIM process settings for both materials. In particular, they all
showed a degree of dependence on T mould, which was the parameter having the most
relevant impact on the replication of the laser-machined nano ripples (see Figure 6.13
and Figure 6.14), even though this dependence was greater for POM. On the other
hand, the heating rate parameter dT/dt was mainly influenced by the injection
speed, whose effect was negligible when considering the replication quality. Thus, this
indicator was not a suitable process fingerprint candidate, lacking the characteristic
of sensitivity to the variation of quality-related µIM process parameters, which is
essential to carry out an optimization based on in-line monitored variables.
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Figure 6.20: Influence of µIM on (a) T peak1, (b) T peak2, (c) T mean1, (d) T mean2 and
(e) dT/dt for PC.
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Effect of melt temperature
Figure 6.21 graphically shows the effect of the melt temperature variation on the
temperature profile of POM and, as a consequence, on the value of the process
fingerprint candidates. It can be observed that increasing T melt shifted the profile
upwards, resulting in an overall higher temperature due to the fact that a polymer
melt having higher thermal energy entered the cavity. As regards the process
fingerprint candidates, both T peak1 and T peak2 increased when setting the high T melt
value. In particular, the first temperature peak increased more than the second
one, meaning that the burning effect was highly influenced by the initial polymer
melt temperature. In addition, T mean1 and T mean2 were also positively dependent on
the melt temperature value because of the general rise of the T max profile. Finally,
the T melt setting did not influence dT/dt: the slope at the start of the filling did
not change when selecting the high melt temperature level. Therefore, it can be
concluded that all the process fingerprint candidates based on temperatures had
a positive dependence on T melt, whereas dT/dt only depended on the injection
speed.
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Figure 6.21: Maximum temperature profiles when setting low (blue) and high (red)
melt temperature with POM. The other process parameters were kept
as fixed.
6.4.3 Process fingerprint identification
In order to identify the best process fingerprint, a correlation analysis was performed
between replication quality and the five candidates extracted from cavity temperature
profiles. In particular, the coefficient of correlation ρ was selected as the indicator of
the level of correlation and calculated according to Equation 5.6. For this analysis,
only the product (i.e. ∆Sq and ∆Sdq) and process data (i.e. the process fingerprint
candidates) gathered at the low level of melt temperature were considered in order
to compare the correlation performance of the two materials.
Figure 6.22 shows the coefficients of correlation calculated between the two replication
indicators ∆Sq and ∆Sdq and the five process fingerprint candidates for both the
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moulded materials. In general, it can be seen that ∆Sq and ∆Sdq were very similarly
correlated with the candidates, confirming the link between the two replication
indicators (see Figure 6.17). This is important since it proved that the replication
in height and morphology of the nano ripples can be controlled using the same
monitored variable.
As regards POM, values of ρ close to 0.8 were observed for T peak1, T mean1 and T mean2,
meaning that an increase of these variables happened with an improvement of the
replication. The large correlation can also be noticed by comparing the effects of µIM
process parameters (see Figure 6.13 and Figure 6.19): for both replication indicators
and these three fingerprint candidates, the mould temperature was the most relevant
process setting. T peak2 showed a slightly lower correlation (ρ equal to circa 0.6),
while dT/dt was not significantly correlated to ∆Sq and ∆Sdq. This was confirmed
by the very different main effects plots, since they were influenced in a dissimilar way
by the variation of µIM process parameters, being injection speed the preponderant
parameter for dT/dt.
The correlation pattern was different for PC. In general, an inferior level of correlation
was observed, since, for all process fingerprint candidates, lower ρ values were
calculated. In particular, only T mean1 showed a significant level of correlation (ρ
equal to 0.75) with ∆Sq and ∆Sdq. The different behaviour of PC was caused by
the fact that, for this material, T mean1 was the only candidate for which the mould
temperature played the most relevant role. In fact, the injection speed was the most
impactful process parameter for T peak1, T peak2 and T mean2 (see Figure 6.20). As for
POM, dT/dt did not show a meaningful correlation.
In conclusion, the correlation analysis on the two materials proved that T mean1
was the best process fingerprint candidate, being both process sensitive and the
most correlated to the replication of the nano-structured surface. These finding
demonstrated how the initial rise of temperature during the filling of the cavity
due to the burning effect played a primary role in determining the outcome of the
moulding process in terms of replication accuracy.
6.4.4 In-line quality assurance strategy
Figure 6.23 shows the replication indicators plotted against the selected process
fingerprint T mean1 for the two materials.
For POM, two distinct subgroups of data are visible, corresponding to the parts
moulded at low and high mould temperature. T mean1 is capable of describing this
behaviour for both ∆Sq and ∆Sdq, which, as shown before, are highly correlated and
appear as just shifted along the y-axis. In particular, the relationship between the
variables is positive, since a higher value of the fingerprint came with an increase in
the replication performance. This agrees with the slopes of the main effects plots
(see Figure 6.13 and Figure 6.19) and the correlation coefficients that were, in fact,
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Figure 6.22: Values of coefficients of correlation calculated between the process
fingerprint candidates and the replication indicators (a) ∆Sq and (b)
∆Sdq.
positive (see Figure 6.20). Although there exists some dispersion around the depicted
linear trend, it is clear that a T mean1 higher of 148 °C was of primary importance
to maximize the replication of the nano-structured ripples, leading to a circa 60 %
increase of ∆Sq and ∆Sdq.
For PC, the performance of T mean1 in predicting the quality of the moulded surfaces
was similar, since a clear positive trend existed among the data. In this case, however,
there was not a distinct differentiation of ∆Sq and ∆Sdq in two subgroups. This was
due to the fact that the improvement in replication generated by increasing T mould
was less significant, as discussed before (see Figure 6.15 and Figure 6.16). Therefore,
direct recommendation on the value of the process fingerprint cannot be made as for
POM. The plot also shows that the discrepancy between ∆Sq and ∆Sdq was higher for
PC, particularly at their maxima, confirming that POM acted better in replicating
both height and morphology of the nano structures.
It can be concluded that, for both materials, controlling the value of T mean1 in-line
allows an accurate control of the nano-structured surface replication. Moreover, since
T mean1 was calculated based on the first part of the maximum temperature profile,
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only the initial phase of the moulding cycle has to be recorded and processed, thus
lowering the computational burden. This could turn very beneficial in an industrial
in-line quality assurance process.
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Figure 6.23: Replication indicators versus T mean1 for (a) POM and (b) PC. Red
dashed lines represent the linear trends.
6.5 Summary and conclusions
The product/process fingerprint framework was applied to a moulded component
featuring a nano-structured surface, with the aim of defining an in-line procedure for
quality assurance based on flow visualization data for two different materials having
similar viscosity (a POM and a PC grade).
The replication performance of the process was thoroughly characterized using two
areal surface texture parameters, Sq and Sdq, which allowed to quantify the level of
replication in terms of both height and morphology of the laser-machine ripples. The
process fingerprint candidates were defined based on in-cavity temperature recordings
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performed with a flow visualization apparatus featuring an infrared high-speed camera.
The best candidates were then selected by considering two characteristics: sensitivity
to process variations and correlation to replication quality.
The following conclusions can be drawn from the study:
• The use of the infrared camera allowed a useful visualization of the melt flow
inside the cavity as well as the extraction of the thermal history of the polymer.
This type of data is particularly significant with respect to surface replication,
which is strongly dependent on the temperature at the mould-polymer interface.
• For both materials, the effects of the variations of the investigated µIM process
parameters on the replication quality were similar, making the observed trend
more general given the different molecular structure of POM and PC. Moreover,
this demonstrated that a similar optimization procedure could be defined for
both, making the selected strategy fairly general.
• The mould temperature was the most impactful process parameter for the
replication of the nano ripples. In particular, setting its high level significantly
improved the replicated features using both POM and PC because of the
reduced viscosity at the mould-polymer interface and the delayed solidification
of the melt.
• The combined use of replication indicators based on the areal roughness pa-
rameters Sq and Sdq allowed characterizing the main differences between the
two materials. If, on one hand, POM was capable of well reproducing the
nano ripples in terms of both height and morphology, on the other, PC was
not accurate in replicating the morphology of the nano structures, since the
double-peaked structure of the ripples was not present in PC moulded samples.
• The indicators extracted from the temperature profiles acquired with the
infrared camera were mostly dependent on the mould temperature and the
injection speed. In particular, T mould was the most significant parameter for
POM, while v inj had a bigger impact on PC. This may have been caused by
the fact that the thermal history of PC was more dependent on the shear rate,
whereas that of POM was mostly influenced by the thermal condition of the
polymer melt.
• The correlation analysis revealed that the mean temperature during the initial
rise T mean1 was the candidate that was mostly correlated to the replication
quality, demonstrating that the initial phase of the filling played a primary role
with respect to the output of the µIM process.
• Using T mean1 as a process fingerprint seemed very promising since this variable
showed a clear relationship with the replication quality for both the moulded
materials, proving that the process can be effectively controlled by means of
the value of a variable monitored during the moulding cycle. For POM, in
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particular, a threshold value to obtain high-quality parts could be set at circa
148 °C, thus allowing the definition of a clear in-line control strategy based on
T mean1 value.
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7 Micro injection moulding
simulations
In this chapter, the part of the thesis related to µIM process simulations is presented.
The main aim was to build and validate simulation models capable of predicting the
quality of micro moulded parts. By using these validated models, further process
optimization could be carried out in the virtual domain, thus saving the time needed
to perform experiments and following characterizations. Two case studies are treated,
the first related to the TPE micro rings and the second to the 3D micro part. The
experimental work, which was needed to validate the numerical results, was presented
in chapter 4 and chapter 5.
The research presented in this chapter was published in [140] and [141] and partially
taken from these papers.
7.1 Introduction
Computer simulations represent a powerful tool in the current engineering scenario,
which is taking a rapid turn towards digital. They provide a numerical computation
of the solutions of complex equations and their related boundary conditions. There
are several reasons that justify the importance of this tool. Firstly, they can be used
to investigate systems that are not yet existent and thus can be helpful in the pre-
selection of materials, geometrical configurations, constraints, etc. Simulations also
allow the user to investigate the problem in detail. In fact, engineering phenomena are
very often not directly observable due to their high speed, reduced scale dimensions
or inaccessibility (that is also often the case of injection moulding). Finally, computer
simulations can be employed to study how an output variable changes in response to
a variation of the inputs. To implement a change in the real production is in fact
often too costly, laborious or simply impossible.
The use of simulations comes of course with some limitations, too. First, it must be
kept in mind that most mathematical models rely on idealizations and approximations
that may be quite strong. Moreover, the numerical methods used to solve these
models present a certain degree of approximation that is necessary to discretize
complex continuous problems. It is also crucial to provide experimental evidence of
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the simulations results. The validation phase is therefore of paramount importance
to verify that the model that was built is capable of mirroring real phenomena.
For the aforementioned reasons, numerical simulations are often applied to the
injection moulding process. The typical goals are [104, 126, 142–146]:
• shortening of development and time-to-market times,
• reduction of physical prototyping,
• assistance to part design, mould design and material selection,
• visualization of the filling steps and weld line formation,
• determination of a suitable process window,
• prediction of final part properties as well as defects.
In the field of conventional injection moulding, process simulations are well-established
and widespread in the industrial world. The same cannot be said for µIM, due to the
major differences between the macro and micro processes described in chapter 2.
7.2 Mathematical background
For both IM and µIM, the mathematical background behind process simulations
is the same and can be divided into three parts: modelling of viscosity, flow and
thermodynamics.
7.2.1 Viscosity
Viscosity is defined as the resistance to flow and plays a central role during the filling
of the cavity in injection moulding technologies. Its value has a huge impact on the
process settings, in particular on the values of pressure and speed needed to flow the
polymer melt inside the cavity and attain a complete filling.
The viscosity is mathematically defined as the linear link between the shear stress
and the shear rate. Given in tensor notation, the relationship is [147]:
τ = η γ˙ (7.1)
where τ represents the shear stress, η the viscosity and γ˙ the shear rate.
For Newtonian fluids, such as water, the value of η can be considered as constant.
Therefore, the shear stress is linearly linked to the shear rate for these materials.
Polymer melts, however, are not Newtonian due primarily to their shear thinning
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behaviour (see also subsection 3.1.2). As the shear rate increases, in fact, the
viscosity of polymers decreases because of the disentanglement of the molecules,
which facilitates the flow. Conversely, at low values of γ˙, η is constant, generating
the so-called Newtonian plateau (see Figure 7.1) It is thus necessary to define a
function η(γ˙) in order to model the behaviour of polymers in the injection moulding
framework.
Figure 7.1: Typical shape of a viscosity curve of a polymer melt [148]. The zero
shear rate viscosity η0 and the shear rate at the transition to shear
thinning τ ∗ are shown.
The most common viscosity model used in polymer processing simulations is the
Cross model [147] since it is capable of describing the behaviour of polymer melts
over a wide range of shear rates by combining a Newtonian region at low shear rates
with a shear thinning region at high shear rates. According to this model [149], the
viscosity is mathematically defined as:
η(γ˙) = η0
1 +
(
η0 γ˙
τ ∗
)1−n (7.2)
where η0 is the zero shear rate viscosity, τ ∗ is a constant related to the shear stress
at the transition to shear thinning and n is the power law index, which describes the
decreasing viscosity in the shear thinning region.
As previously mentioned in subsection 3.1.2, the temperature of the polymer melt
also plays a central role in determining the viscosity value. Increasing temperature
yields a decrease of viscosity, due to a lowering of the intra-molecular friction [66].
To take this effect into account, the Cross model can be modified using the Williams-
Landel-Ferry (WLF) model based on the time-temperature superposition [150]. This
modification yields to the Cross-WLF model and is carried out by mathematically
defining η0 as [147]:
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η0(T ) = D1 exp
[
− C
0
1 (T − T0)
C02 + T − T0
]
(7.3)
where D1, C01 and C02 are constants, T denotes the temperature and T0 is the reference
temperature, which can assume any value but is often chosen as the glass transition
temperature T g.
Finally, the viscosity also exhibits a dependence with respect to the pressure of the
melt. In particular, a higher pressure leads to a higher viscosity, having this variable
the opposite effect to temperature. This dependence is, in most cases, neglected in
injection moulding simulations, being less relevant than the other effects [142].
7.2.2 Flow
Modelling the flow of the polymer melt is of primary importance to predict flow rate,
pressure, filling time and all the other quantities related to the progressing of the
melt inside the cavity. The Navier-Stokes equations, which are a system of non-linear
partial differential equations, are commonly used to mathematically describe the
flow in injection moulding [147]. In particular, they consist of:
• the continuity equation, which is derived from the conservation of mass,
• the momentum equation, which is derived from the conservation of momentum,
• the energy equation, which is derived from the conservation of energy.
The continuity equation is formulated as [147]:
Dρ
Dt
= −ρ∇ · v (7.4)
where the operator D/Dt indicates the material derivative, ρ is the density and v is
the velocity vector.
The momentum equation is written as [147]:
ρ
Dv
Dt
= ρg +∇ · σ (7.5)
where g is the gravity vector and σ is the stress tensor.
The energy equation is defined as [147]:
ρcp
DT
Dt
= βT Dp
Dt
+ p∇ · v + σ :∇v +∇ · (k∇T ) (7.6)
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where cp denotes the specific heat capacity at constant pressure, β the coefficient
of volumetric expansion, T the temperature, p the pressure and k the thermal
conductivity.
7.2.3 Thermodynamics
Along with the viscosity, information on the thermodynamic characteristics of the
polymer are also needed to perform injection moulding simulations. This information
is contained in the equation state, also referred to as pvT data, which links pressure,
density and temperature of a given material [147]. This type of data has a relevant
importance in injection moulding simulations since it determines shrinkage and
warpage of the moulded component.
For thermoplastic polymers, the Tait equation [151] is commonly used in simulation
software tools. It is given as:
V (p, T ) = V0(T ) ·
[
1− C ln
(
1 + p
B(T )
)]
+ Vt(p, T ) (7.7)
where V is the specific volume, V0(T ), B(T) and Vt(p, T ) are temperature-dependent
functions and C is a constant equal to 0.0894. These functions have different
definitions depending on the two possible domains of the polymer, which are the
solid and molten phase. In the solid phase, i.e. when the temperature is lower than
the transition temperature T t, they are equal to:
V0(T ) = b1s + b2s (T − b5)
B(T ) = b3s exp [−b4s (T − b5)]
Vt(p, T ) =
b7 exp [b8 (T − b5)− b9 p] if semi-crystalline0 if amorphous
(7.8)
Vice versa, in the molten phase:
V0(T ) = b1m + b2m (T − b5)
B(T ) = b3m exp [−b4m (T − b5)]
Vt(p, T ) = 0
(7.9)
The transition temperature is assumed to be a linear function of pressure:
Tt = b5 + b6 p. (7.10)
where b1s, b2s, b3s, b4s, b1m, b2m, b3m, b4m, b5, b6, b7, b8 and b9 are coefficients fitted
on experimental data.
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7.3 Simulation software tools and meshing
Different software simulations packages are currently available on the market for
injection moulding. The most common ones are Autodesk Simulation Moldflow®
(Autodesk, San Rafael, CA, USA), Moldex3D® (CoreTech System, Chupei City,
Taiwan) and SigmaSoft® (SIGMA Engineering, Aachen, Germany). All of them
employ the aforementioned equations to model viscosity, flow and thermodynamics,
which are numerically solved using finite element analysis (FEA).
In particular, the finite element method (FEM) is used to discretize the model,
which is typically either 2D or 3D, into small elements of finite size by means of a
meshing algorithm. This step has a huge impact on the accuracy of the results of the
simulations: the element size is directly related to the capability of the numerical
model to capture the real trends of the variables of interest.
There are two main meshing strategies that can be adopted [148]:
• Homogeneous meshing: a fixed element size is applied to the entire geometry
of the model. The main disadvantage of this approach is that, when details
that are small compared to the overall model size are the target, a very large
number of elements is needed, often leading to very long computational times.
Therefore, this strategy is well suited only for systems having features of
comparable size.
• Multi-scale meshing: in this case, the mesh density changes within the geometry
of the model. Even though the implementation of this strategy is more complex
than the previous one, it is the best solution when features of different sizes
are involved. In IM and µIM, this is very often the case: gate areas, surface
features, ribs, etc., are typical areas where a finer mesh is needed to obtain
truthful results.
7.4 Challenges of micro injection moulding
simulations
The aforementioned commercial software packages are developed for macro moulded
parts. Therefore, their use is nowadays state-of-the-art for the plastic industry
dealing with conventional components. However, their application to µIM is not as
straightforward because of the peculiar phenomena that happen only at the micro
scale, which are usually neglected in commercial packages and thus lead to a decrease
of the accuracy of the simulation results. The major discrepancies between IM and
µIM in terms of process modelling are [31, 33, 143, 152–158]:
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• The rheological data at very high shear rates (>105 s-1), which are typical for
µIM, are usually not available. This lack of information is caused by the fact
that it is extremely difficult to measure the viscosity of a melt flowing in these
conditions. Therefore, material data extrapolated by common rheometers such
as rotational and capillary ones might be insufficient to describe the behaviour
of a polymer inside a micro cavity.
• A 3D model is usually required to obtain truthful results. The 2.5D Hele-Shaw
approximation, widely employed in conventional simulations [147], is not valid
for the micro scale since variations of pressure along the thickness of micro
components are normally not negligible.
• Microscopic phenomena such as micro scale viscosity, surface tension or wall-slip
can become relevant in µIM whereas they are negligible in IM (see subsec-
tion 2.2.3).
• The commercial software packages are not designed to take into account the
effects of surface roughness, which is particularly difficult to implement because
of the extremely small size of the features that generate the surface topography.
Although this is a reasonable approximation for the macro scale, a difference
in surface roughness inside a micro cavity can generate a flow unbalance that
becomes relevant if micro channels are filled. This limitation also applies to
the prediction of the filling of surface nano structures.
• The elasticity of the polymer melt is usually neglected in IM software tools
since the prevalent viscous effects dampen it. However, elongational viscosity
plays a more important role in the micro scale, where the shear viscosity is
decreased to a very low value because of the high shear rate and temperature.
To tackle these issues, two main strategies can be adopted. The first is the develop-
ment of an in-house software specifically designed for µIM simulations that includes
all the peculiar aspects of the flow at the micro scale [159]. This approach allows a
more comprehensive implementation when compared to commercial tools but, at the
same time, lacks repeatability and industrial interest.
The second strategy is based on the use of a commercial software with the aim of
improving its prediction performances. With this intent, Costa et al. [154] studied
the best strategies to carry out an accurate simulation of injection moulding of a flat
thin cavity and of a miniaturized dog-bone shaped part using Autodesk Moldflow
2010® by optimizing mesh size and model definition. Their results showed that
the modelling strategy for the nozzle tip strongly influenced the accuracy of the
simulations, demonstrating that including the machine geometry into the model
is beneficial with respect to the accuracy of the results. Tosello et al. [104] used
Moldflow Plastics Insight® 6.1 to predict the outcome of µIM of a flat part with
micro structures. The results clearly showed that appropriate implementation of
material models and boundary conditions is essential if the accurate prediction of
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the flow front development is the target. Marho¨fer et al. [160] used a multi-scale
mesh for modelling µIM of a microfluidic device using Autodesk Moldflow 2013®. By
including mould blocks and barrel in the model, the authors showed that simulations
results were largely improved. Marho¨fer et al. [144] also successfully used process
simulations to design the gate of two microfluidic components. The validation phase
was based on SEM images of short shots that were compared to the correspondent
simulated filling steps.
A further critical aspect of µIM simulations is related to the validation of the
numerical results, which is of primary importance to assess the accuracy of the
model. A common validation procedure is based on the comparison of simulated and
experimental pressure curves, where the latter are monitored using sensors. When
micro parts are moulded, the very small size of the cavity can make this option
unusable. Moreover, a validation based on a comparison between real short-shots
and filling steps cannot be always applied due to the small injected volume, which
may not be controllable through short-shots given the limited resolution of the
injection plunger stroke. This is particularly true when very small parts such as
those considered in chapter 4 and chapter 5 are manufactured.
The current state-of-the-art still lacks examples of µIM simulations used to predict
the outcome of the process in terms of dimensional accuracy of the final parts.
The studies presented in this chapter aim at achieving this by validating suitable
numerical models with respect to the dimensions of final functional geometries of
the part within a range of experimented process parameters. The ideal application
of these validated models is the virtual optimization of the process, which would be
extremely beneficial to minimize the experimental time needed to tune µIM in the
initial optimization phase of a new production.
7.5 Simulations of micro injection moulding of TPE
micro rings
Process simulations were applied to the case study presented in chapter 4. Therefore,
the target was a TPE micro ring having a 3D internal shape (see Figure 4.2). The
experimental data used for the validation consisted of the outputs of the DoE outlined
in Table 4.3, whose results were presented in subsection 4.1.7. Process simulations
were compared with experimental results based on the prediction of the main defects
and the dimensions of the outer diameter (OD) and inner diameter (ID) of the
moulded micro rings.
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7.5.1 Simulation set-up
The commercially available software Autodesk Simulation Moldflow Insight (ASMI)
2016® was used for the numerical analysis. The simulation model comprised the
four parts and the feed system (see Figure 7.2). A 3D meshing was applied to this
geometry. The commonly used 2.5 D Hele-Shaw approximation is in fact not suitable
for µIM simulations, as mentioned before. To reduce the computational effort and, at
the same time, achieve accurate results, a multi-scale mesh was used. In particular,
an element size ranging from 50 to 500 µm was set: to increase the accuracy of
the results, the regions of interest (i.e. ring geometry and the gate) were more
finely discretized than the sprue, where the polymer flow followed a relatively simple
pattern. The meshed model contained a total of 1.4 × 106 tetrahedrons. Table 7.1
shows the mesh settings in detail.
Figure 7.2: (a) Entire meshed model and (b) detail of the meshed micro ring.
Table 7.1: Mesh settings for the micro ring simulations.
Meshing parameter Setting
Edge length/mm 0.05 - 0.50
Merge tolerance/mm 0.8
Minimum number of elements through thickness 10
Bias ratio 1.2
3D mesher Advancing front
Total number of elements 1400000
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In ASMI, the flow was modelled by Navier-Stokes equations in 3D as presented
in subsection 7.2.2. As regards the material data, Cross-WLF and Tait models
were used to describe the rheological and thermodynamic behaviours respectively.
Material data provided by the material supplier were used to fit the two models,
which were then imported in ASMI (see Figure 7.3). A “Fill+Pack+Warp” analysis
sequence was run in order to obtain the final dimensions of the parts after the end of
the moulding cycle, thus considering also the post-moulding shrinkage induced by the
cooling of the polymer. As boundary conditions, the process settings employed in the
experiments, i.e. melt temperature, mould temperature, injection speed and holding
pressure, were selected to reproduce the real process conditions. 36 simulations were
run in order to replicate the experimental DoE design, whose detail are reported in
Table 4.3.
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Figure 7.3: Material models employed in the micro ring simulations. (a) Viscosity
plot at different temperatures and (b) pvT data at different pressures
for the TPE material [129].
7.5.2 Prediction of defects
The simulation results indicated the presence of five air traps on both the outer and
inner surface of the ring on the opposite side of the gate position (see Figure 7.4).
This output can be easily derived from Moldflow results panel and is based on the
filling development and presence of venting, which was not implemented in the
model. The reason for the formation of the air trap was the filling pattern: being
the gate asymmetrical with respect to the ring axis, the polymer flow separated
and then converged on the other side of the ring, sealing the cavity (see Figure 7.5).
Another defect caused by the asymmetrical gate was the presence of weld lines (see
Figure 7.6) on the top and bottom ring surfaces. SEM images of real parts were taken
and directly compared to simulation results. The process simulations accurately
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predicted both air traps and weld line position, proving to be a powerful tool for
defects prediction in micro moulded parts.
Figure 7.4: Air traps as predicted by process simulations (left) and SEM images
showing the correspondent defects on real parts (right) [114].
Figure 7.5: Sequential filling steps for a micro ring.
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Figure 7.6: Weld lines as predicted by process simulations (left) and on real parts
(right) [114]. The weld line on the upper surface is indicated in red,
while the one on the lower surface in light blue.
7.5.3 OD prediction
After the analyses were completed, the spatial coordinates of the nodes standing on
the outer diameter of the meshed rings were extracted and a circle was mathematically
fitted to calculate the OD value (see Figure 7.7), which was then compared to the real
measurements carried out with the focus variation microscope (see subsection 4.1.4
for details). For each process condition, the four OD values corresponding to the four
cavities were averaged in order to eliminate any deviation introduced by possible
non-perfect mesh symmetry.
OD
500 µm
OD
1 mm
(a) (b)
Figure 7.7: (a) Measurements of real moulded micro rings and (b) extraction of
OD from the meshed model.
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The measured mould dimensions were initially assigned to the CAD model that was
successively meshed in ASMI. Particularly, the outer diameter of the cavity ODmould
was equal, on average, to 1.55 mm (see Figure 4.9). By assigning this dimension
to the model, the numerical results overestimated the experimental observations.
This was probably due to the fact that the models used in ASMI are specifically
designed for macro parts, as described in section 7.4. In this case, the real polymer
melt underwent a larger amount of shrinkage than predicted by the pvT model. In
order to overcome this discrepancy, a calibration procedure aiming at optimizing
the model dimension ODmodel with respect to the experimental measurements was
carried out. Figure 7.8 shows the flowchart of the calibration procedure: ODmodel
was progressively decremented of a 5 µm step until the numerical results fitted the
experimental observations. 36 process simulations corresponding to the 36 DoE
combinations were run for each of the calibration steps. The calibration procedure
was ended when the average of the results provided by the numerical model for all
DoE combinations ODnum fell inside the uncertainty interval built around the average
of the experimental results ODexp.
ODmodel, i = ODmould
Simulations ODexp–U ≤
ODnum
≤ ODexp+U ?
Yes End
No
ODmodel, i+1 = ODmodel, i – d
Simulations
Figure 7.8: Flowchart of the model calibration procedure. d was equal to 5 µm.
Figure 7.9 shows the results of model calibration. Starting from a value of ODmodel
equal to ODmould, six steps, correspondent to a reduction of 30 µm, were necessary
to fit the experimental data according to the selected procedure: a final dimension
of 1.520 mm was thus chosen for the model. The trend of ODnum against ODmodel
was very close to linear. This demonstrates that the amount of shrinkage of the part
was linear with respect to the mould dimension, i.e. the percentage shrinkage of OD
was constant in the numerical model.
The calibrated model was then used to validate the simulations with respect to the
effects of the four process parameters on the outer diameter of the produced micro
rings.
Figure 7.10 shows the comparison of moulding experiments and simulations in terms
of main effects plots. Firstly, it is worth observing that OD averages were always
lower than the design target of 1.5 mm (see Figure 4.2): the level of shrinkage had
to be decreased to meet the specifications. The deviation between experiments and
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Figure 7.9: ODnum as function of ODmodel. ODexp is indicated by a red line. The red
dashed lines indicate the interval identified by the expanded uncertainty
U, whereas the black one denotes the linear fit of the data.
simulation results was, on average, equal to 1.6 µm. This value was completely
covered by the uncertainty U of OD (see Table 4.4), and therefore the simulations
were generally able to predict the outer diameter of the micro moulded rings at a
level of accuracy equal to the precision of the measurements. As regards the effects
of the process parameters on OD, a good agreement was also observed. The use of
the high level of mould temperature provided an increase of OD for both simulations
and real parts. This happened because, by increasing T mould, a premature cooling
of the polymer melt inside the cavity was hindered. The magnitude of this effect
in the real process, which is indicated by the slope of the line in main effects plot,
was larger than the simulated one. An increase of melt temperature resulted in a
reduction of OD, as also predicted by simulations. As for T mould, the effect of T melt
was underestimated by the numerical model. The effect of the injection speed was
non-linear since the central level produced higher results than the low and high
ones. This behaviour, which was due to larger residual stresses originated at high
injection speed because of the more drastic cooling rate, was also predicted by the
simulations. However, the effect of the real process was once again underestimated
by the numerical analysis results. The effect of the holding pressure was the one that
was best predicted by simulations. The direct relation between OD and phold was
caused by the fact that a higher holding pressure allowed more material inside the
cavity and consequently resulted in a better OD replication. The tendency towards
compression of TPE might have helped this phenomenon. The numerical model
accurately predicted the trend: the deviations of experimental and numerical results
ranged between 0.0 µm and 2.6 µm among the three phold levels.
It is possible to conclude that the calibrated model was capable of accurately
predicting the effects of the four process parameters. In fact, the signs of the slopes
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of the main effects plots for real and simulated results were the same in all the
investigated ranges. Therefore, the numerical model was considered as validated with
respect to the prediction of the effects of the µIM parameters on the OD value.
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Figure 7.10: Main effects plots for OD. The measurement (red) and simulations
(black) results are shown. The errors bars indicate the expanded
measurement uncertainty U.
The calibrated and validated model was used to virtually optimize the process with
respect to the OD target of 1.5 mm. To do this, a further virtual campaign was
carried out. Table 7.2 shows the selected conditions. A two-level full factorial
experimental plane was designed and simulated. In particular, only phold, T mould and
T melt were varied as they were the most significant factors for the simulations results
of the previous DoE analysis. The levels of the parameters for the optimization
plane were selected according to the previous trends with the aim of increasing OD
towards the target of 1.5 mm. In particular, the levels of melt temperature were
selected as lower than the one investigated before since OD increased at decreasing
T melt. Conversely, higher levels of phold and T mould were chosen since they had a
positive impact on OD. The level of injection speed was kept at 70 mm/s.
Table 7.2: Settings for virtual optimization.
Process parameter Levels
Melt temperature, T melt/◦C 180, 195
Mould temperature, T mould/◦C 50, 60
Holding pressure, phold/bar 900, 1000
Figure 7.11 shows the results of the virtual optimization. As for the previous
experimental campaign, a clear effect of the holding pressure is evident: increasing
phold determined an increase of OD. In particular, considering the target, selecting a
holding pressure of 1100 bar was strongly suggested by the simulations results. As
for the effect of mould temperature, its increase was important to achieve the desired
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dimensional output for the micro rings and therefore the setting of a T mould of 60 °C
was necessary to get as close as possible to the specification target. The effect of
T melt was less important, particularly when setting high levels of phold and T mould.
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Figure 7.11: Individual value plot for the results of the virtual optimization plane.
The red line represents the OD design target of 1.5 mm.
7.5.4 ID prediction
The same calibrated model was used to validate the effects of the four process
parameters on the inner diameter ID of the micro rings. Figure 7.12 shows the
results. What stands out is that the prediction performance of the model was worse
than for OD. In particular, the average deviation between simulations results and
experimental data was equal to 50 µm, which is higher than the values of both
tolerance and uncertainty. This discrepancy could be reduced by a further calibration
procedure. However, this would also worsen the overall performance in the OD
prediction. As regards the magnitude of the effects, the numerical model always
predicted effects which were not as significant as the real ones for all the four involved
process parameters. This leads to the conclusion that the numerical model was not
validated with respect to the effects of the process variations on ID, whereas it was
for OD. In particular, the simulations were not capable of reproducing the opposite
impact that the four parameters had on OD and ID (see Figure 4.13). This different
prediction performance between the two geometries could have been caused by the
incorrect or incomplete implementation of residual stresses in the model, which it was
hypothesized to be the reason for the enhanced shrinkage of ID. The mathematical
determination of the residual stresses caused by constrained shrinkage is indeed not
reported in the examined injection moulding literature and therefore not comprised in
the ASMI software. Moreover, a complete characterization of the thermo-mechanical
properties of the polymer material based on experimental shrinkage data, which are
typically gathered using a tag die with etched grid lines, is needed to solve residual
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stresses problems [161]. These data were not available for the used TPE, being this
material produced by a small manufacturer that does not perform this type of tests.
Therefore, the lack of a proper shrinkage model was most probably the cause for the
inaccurate prediction of ID.
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Figure 7.12: Main effects plots for ID. The measurement (red) and simulations
(black) results are shown. The errors bars indicate the expanded
measurement uncertainty U.
7.6 Simulations of the flash formation of a 3D micro
part
Process simulations were also applied to the case study presented in chapter 5. The
target was a 3D micro part with a through hole (see Figure 5.2). The focus was on
the prediction of the flash size affecting the quality of the micro part. The flash area
Aflash was in fact shown to be the best product fingerprint for this component, thus
carrying valuable information on the overall part quality (see subsection 5.4.1). The
experimental data used for the validation consisted of Aflash results, which were the
outputs of the DoE outlined in Table 5.3. Process simulations were run to investigate
their performance in the prediction of the flash size against the variations of µIM
settings.
7.6.1 Simulation set-up
Injection moulding simulations were run with Autodesk Moldflow Insight 2017®.
The model comprised the part and the feed system (see Figure 7.13). The venting
channel was modelled as a continuation of the part geometry: the flash was then
visualized as a virtual short-shot in the software. A multi-scale 3D mesh was used:
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the element size ranged from 20 to 300 µm, generating circa 106 elements. In
particular, the finest mesh density was assigned to the venting channel area, being of
maximum interest for the analysis. To reproduce the 24 factorial DoE, 16 simulations
were run. The velocity and pressure curves recorded via the machine interface (see
subsection 5.3.4) were implemented as boundary conditions of the numerical model
in order to reproduce the experimental conditions as best as possible as prescribed
by Tosello et al. [104]. The POM material properties were modelled according to
Autodesk Moldflow database (see Figure 5.6 for viscosity and pvT plots). Table 7.3
shows the mesh settings in detail.
Figure 7.13: (a) Entire meshed model and (b) close-up of the part.
Table 7.3: Mesh settings for flash size simulations.
Meshing parameter Setting
Edge length/mm 0.02 - 0.30
Merge tolerance/mm 0.8
Minimum number of elements through thickness 10
Bias ratio 1.2
3D mesher Advancing front
Total number of elements 1000000
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7.6.2 Prediction of flash size
The simulations results allowed the observation of the flash formation that, as
expected, was caused by the polymer melt flowing inside the venting channels (see
Figure 7.14).
Figure 7.14: Sequential filling steps for the 3D micro part. The flash formed at the
end of the flow path can be seen in the last image.
The flash in the software was measured by counting the pixels of the flash area
formed at the end of the filling. It was then compared to real parts measurements
performed with a focus variation microscope (see subsection 5.3.3 for details).
Figure 7.15 shows an example of a real flash and a simulated one with the same
combination of process parameters. It is clear that the flash affecting the real part
was smaller than the one predicted by the numerical model. This means that, in
the virtual domain, the polymer flow was able to proceed further inside the venting
channel before freezing. This deviation could be due to various reasons, most of them
related to the underlying simplifications introduced by the numerical model, as for
example the neglection of the cavity surface roughness that, for polymer melts flowing
in micro channels, can be decisive in determining the filling history. This could be
particularly important in the case of the 3D micro part under analysis because of the
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extremely small injection volume and consequently very high surface-to-volume ratio.
In fact, the roughness of the cavity might have increased the actual surface at the
polymer-mould interface, thus resulting in a better heat evacuation, which caused,
in turn, a decrease of flow length with respect to the numerical model, in which the
cavity is considered as perfectly smooth. Other reasons for this discrepancy could be
unrealistic heat transfer coefficient, due to the impossibility of modelling the real
surface texture of the cavity, and venting boundary conditions.
Figure 7.15: Real flash on the part (left) and simulated flash (right). The dimen-
sional scale is equal in both images.
Figure 7.16 shows the main effects plot of the results. It can be seen that the
simulations provided a flash area equal to circa twice the real one (the experimental
flash area Aflash-exp and the simulated one Aflash-num were, on average, equal to
0.064 mm2 and 0.137 mm2 respectively). However, the slope signs of the two plots
are equivalent in all the experimented process parameter ranges. In particular, the
increase of the four variables led to an increase of both the measured and simulated
flash area, as explained in subsection 5.4.1. Both experiments and simulations agreed
on the sign of the four effects, whose magnitude, which is indicated by the value of
the slopes, was very similar for the two sets of results. This was particularly true for
T mould and v inj, for which experiments and simulations provided an almost identical
influence on flash size variation. As for phold, the numerical model overestimated the
real effect, being the variation introduced by this process parameters bigger than
the real one. On the other hand, the effect of the T melt was larger for experimental
results and therefore underestimated by the numerical analysis.
From the comparison based on the flash measurements, it can be concluded that the
implemented numerical model was validated with respect to the signs of the effects
induced by µIM process parameters variation, but not with respect to the absolute
value. The model can thus be used as a tool for process optimization, even though
the real size of the flash cannot be predicted accurately.
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Figure 7.16: Main effects plot of flash area for experiments Aflash-exp (in red) and
simulations Aflash-num (in black). Note that the scales for the two sets
of results are different but the shown range, equal to 0.007 mm2, is
equal. The errors bars indicate the uncertainty U of the flash area
measurements.
7.7 Conclusions
In this chapter, µIM process simulations were applied to the case studies of chapter 4
and chapter 5 with the aim of predicting the quality of the micro moulded parts as a
function of the investigated process parameters. A commercial software, ASMI in
the 2016 and 2017 versions, was used.
As regard the simulations of TPE micro rings, simulations were specifically employed
to assess the performance of the numerical model in the prediction of the main defects
and dimensions of the part. A 3D multi-scale mesh comprising the feed system and
the four cavities and having 1.4 × 106 elements was used. The conclusions are:
• Simulations results matched the real defects very accurately. Both air traps
and weld lines indicated by the software appeared in the same locations in
real parts, thus proving that the implemented model can serve as a tool for
predicting these defects.
• The OD shrinkage of the real parts was larger than that resulted from simula-
tions. A calibration procedure was then designed to fit the simulated OD to
experimental data.
• The calibrated model was capable of accurately predicting the OD value in terms
of absolute value (average deviation of 1.6 µm, lower than the measurement
uncertainty). Moreover, the model was also validated with respect to the
effects of µIM parameters: the signs of the slopes induced by the variation of
process settings were equal for experimental and numerical results in all the
experimented ranges.
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• The calibrated and validated model was used as a virtual optimization tool.
This procedure allowed defining optimal values of holding pressure and mould
temperature to achieve the target OD value.
• The model was not capable of well predicting ID experimental results. In
particular, the average deviation between simulations and experiments was
equal to 50 µm. Moreover, the simulated effects were not as significant as the
real ones. This difference in prediction performance between OD and ID might
have been caused by an incomplete residual stresses implementation in the
model. Residual stresses were, in fact, the main reason that generated a higher
level of shrinkage for ID with respect to OD for the moulded parts.
For the simulations of the 3D micro part, ASMI 2017 was used to predict the size
of the flash that affected the part quality. This defect was particularly important,
since its size was demonstrated to be a suitable product fingerprint candidate and,
as such, correlated to the overall part quality. Therefore, if process simulations were
validated as a tool for predicting the flash size, virtual optimization experiments
could be effectively run in order to improve not only the defect size but also the
dimensional quality of the part in general. A 3D mesh with 106 elements was used.
In particular, the model comprised feed system, part and venting channel in order to
simulate the flash size as a virtual short-shot. The conclusions of this study are:
• Numerical results overestimated the experimental flash area by a factor of circa
2. Therefore, the simulated flow length was larger than the real one. This
discrepancy was most probably caused by micro-scale phenomena that are not
implemented in ASMI, such as the effect of the cavity surface roughness on
the flow length.
• The effects of the process parameters on the flash size were well predicted
by the implemented model. In fact, the slopes of the main effects plots were
equal in all ranges. The magnitude of the variations was also very similar,
confirming the applicability of the model as a virtual optimization tool when
flash minimization is the objective.
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8 Replica technology for the indirect
measurement of micro moulds
The present chapter is dedicated to the study of the performance of the replica
technology applied to the indirect measurement of micro mould features machined
by micro milling. The process consists of the replication by means of a fast and
easy-to-apply replication media that is then used to measure the initial object in an
indirect way. This investigation is of primary importance for the verification of µIM
process chains since in many cases micro moulds have surfaces and geometries that
are not directly measurable with common instruments due to their inaccessibility.
The replica technology using a two-part silicone media was applied to texture and
geometrical features produced by micro milling, as this machining process is one of
the preferable technology to manufacture micro moulds. Two specifically designed
micro milled benchmark samples, which had multiple surfaces and pockets, were
used to assess the replication by comparing indirect and direct measurements.
The results presented in this chapter were published in [162] and [163] and partially
taken from these papers.
8.1 Introduction
Micro milling is the miniaturized adaptation of the conventional milling process.
The capability of manufacturing 3D micro components with relatively high mate-
rial removal rate makes this technology suitable for producing moulds and inserts
employed in replication techniques such as µIM [20]. When evaluating the quality
of a machined mould, two main characteristics must be assessed: the geometrical
accuracy and the surface topography. This is firstly because dimensional features and
surface topographies of the mould are directly transferred to the replicated products.
Secondly, the mould surface has an impact on the replication process itself since it
affects demoulding forces [21], which in turn have to be optimized in order to obtain
products with the desired characteristics.
In micro milling, numerous phenomena, which are negligible for conventional milling,
become significant for the surface generation. The main one is the minimum chip
thickness effect [164]: when machining with chip thickness values comparable to the
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tool edge radius, effects such as ploughing and elastic recovery become dominant,
causing a decrease of dimensional accuracy and an increase of surface roughness,
particularly for soft metallic alloys [165]. Therefore, producing a defect-less surface
texture by micro milling becomes even more challenging than in the macro scale,
making the surface topography assessment more important.
As already mentioned in this thesis, optical instruments are strongly emerging as
the preferable measurement solution for assessing micro components of all kinds,
including micro milled ones. However, certain features, as for instance micro holes
or micro cavities, are inaccessible for optical lenses since an insufficient amount of
light is reflected back to the measuring objective. In these cases, also instruments
based on probes such as profilometers and CMMs are not effectively usable. In other
cases, samples may not physically fit under the microscope. Inaccessible features are
typical of micro moulds used in µIM, where high aspect ratio features are often the
target [166–168]. Therefore, new solutions must be employed to perform dimensional
and surface measurements without adopting destructive inspections. A possible
one is the use of computed tomography (CT) [51], which is, however, not yet fully
applicable to assess surface topography at the nanometric scale. Another one is the
replica moulding technology, which is based on the fast replication of inaccessible
features by casting a soft polymeric media such as polydimethylsiloxane (PDMS) or
two-component silicone polymers [15].
When using the replica moulding, the common procedure consists of casting the
media over the component to measure. After the curing is completed, the replica is
carefully detached from the sample and then measured, providing indirect information
of the actual geometry and surface of the object. The use of this method is well-
established in medical and dental fields [169, 170] where specimens cannot be normally
placed under a measuring instrument. It is also widely employed in non-destructive
metallographic analyses of mechanical components [171, 172]. For dimensional and
surface metrology tasks, replication kits based on a two-component polymer are
nowadays the most common media [173, 174], since they ensure almost no shrinkage
over a wide range of curing temperature and short curing times in the order of 5
to 20 minutes [174]. When using these kits, the polymer and the curing agent are
mixed in a disposable nozzle before casting. A dispensing gun is used for directing
the replication media onto the target object.
In recent decades, few studies were dedicated to the study of the performance of
fast replication media used in indirect metrology tasks. Tosello et al. [175] success-
fully employed this method to monitor the tool wear of a mould for Fresnel lenses
production presenting micro structures with a height of 23 µm. Madsen et al. [176]
studied the shrinkage of a PDMS material used to measure nanometric geometries
indirectly. The authors tested several mixing ratios and curing temperature levels
and investigated the repeatability of the process by means of repeated replicas. They
concluded that the utilized PDMS shrank linearly between 1 and 3 %, leading to
dimensions that were smaller than the ones of the master. Goodall et al. [177]
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used seven different silicone based replication media for quantitative surface texture
characterization. Two masters, one smooth and one rough lower jaw tooth, were
replicated. It was demonstrated that low viscosity media generally achieve higher
accuracy and precision. The authors also highlighted the need for standardization for
the technology, since the results of different impression media were not comparable.
Finally, Gasparin et al. [178] investigated the surface texture replication performance
of three replication media applied to two calibrated roughness artefacts. The measure-
ments were performed with both optical and tactile instruments. A replication degree
up to 96 % was attained and the measured deviations fell inside the uncertainty
range. However, since the nominal Ra roughness value of the measured standard
was 500 nm, the authors’ considerations cannot be directly extended to micro milled
surfaces, which are usually smoother. In fact, in most micro milling applications, Ra
ranges between 50 and 250 nm on both flat and free-form components [179–181].
Although several approaches have been proposed in the literature [182, 183], the
use of surface topography prediction models in industrial micro milling applications
is still extremely limited because of the lack of robustness that the models show
with respect to the variability of the material characteristics, tool micro geometry
and wear. Thus, the measurement of micro milled components after machining
represents the standard practice that machinists still adopt for verifying the cutting
process results. The replication and the following indirect measurement are therefore
the preferable solution for characterizing the surface topography of inaccessible
micromilled features.
The aim of this chapter is to evaluate the performance of a commercial silicone
replication media (RepliSet [174], Struers®, Ballerup, Denmark) in the indirect
measurement of micro milled surfaces and geometries typical of micro moulds, thus
providing useful insights on how to accurately assess inaccessible micro features that
are often involved in µIM processes.
8.2 Experimental
Two different micro milled samples were designed to assess the replication performance
of the replica technology. The first one was used to investigate indirect surface
topography measurements, whereas the second to study the replication capability
in indirect geometrical measurements. Two materials were milled for both samples:
AISI 440 hardened (AISI 440 H, hardness equal to 60 HRC) and AISI 440 annealed
(AISI 440 A, hardness equal to 18 HRC). These two stainless steel materials represent
a suitable choice for mould manufacturing and were expected to produce different
surface topographies in relation to the specific material characteristics, such as grain
size and specific cutting force. Being AISI 440 A softer, the risk of ploughing was
certainly higher than for AISI 440 H.
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8.2.1 Micro milled surfaces
Three types of micro milled surfaces were produced on both materials. A coated
WC Round End Mill (Mitsubishi Materials Corporation, Tokyo, Japan) (2 flutes,
diameter DC = 1 mm, corner radius = 0.1 mm and cutting edge radius = 6 µm)
was used for the tests on an ultra-high precision KERN Evo micro milling machine.
Table 8.1 shows the cutting parameters for the three machined surfaces, which were
named S1, S2 and S3.
Table 8.1: Cutting parameters for the three micro milled surfaces. ae and ap are
the radial and axial depth of cut respectively. vc is the cutting speed. f z
is the feed per tooth.
Cutting parameter S1 S2 S3
ae/DC 100 % (full slot) 30 % (overlapped) 30 % (finished)
ap/µm 50 50 50
vc/(m/min) 100 100 100
f z/µm 12.5 12.5 12.5
S1 was machined in full slot (i.e. with a radial depth of cut ae equal to 100 % of
the mill diameter). Conversely, S2 and S3 were obtained by imposing a 30 % radial
depth of cut. S2 designates the overlapped surface area, generated by two subsequent
tool passes, whereas S3 was generated by the last mill pass. Figure 8.1 shows a
schematic of the surface design. These surfaces represent typical conditions of a
mould manufacturing process: S1 conditions are distinctive of roughing operations,
in which full slot milling is used to minimize the machining time. On the other hand,
S2 and S3 are representative of finishing operations, where the final surface texture
of the component is generated using a lower value of the radial depth of cut. As a
consequence, S1 surface roughness was expected to be higher than that of S2 and S3.
The other milling parameters were kept constant. In particular, the feed per tooth f z
was set at the lowest limit for the selected mill, while the axial depth of cut ap was
50 µm in all the tests to avoid the onset of chatter conditions which could lead to
uncontrolled and defective surface generation due to tool vibrations. The same tool
was used to machine all the samples. Two replicates for each surface type, named
Sample 1 and Sample 2, were generated on the same steel workpiece (see Figure 8.1
(a)), making six surfaces per material available.
8.2.2 Micro milled geometrical features
Five two-stepped pockets were produced on the two materials to assess the perfor-
mance of the replication applied to micro milled geometries. These pockets represent
a generalization of 2D channels and cavities that often characterize micro moulds.
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(a)
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(c)
Figure 8.1: Micro milled surfaces and replicas. (a) AISI 440 H sample. (b) Silicone
replica. (c) Scheme of the micro milled surfaces. The four mill passes
are presented in their machining sequence. The three measured surfaces
S1, S2 and S3 are indicated in green, red and blue with dashed lines.
The green arrow represents the milling direction.
A WC flat end mill (Sandvik Coromant, Sandviken, Sweden) (2 flutes, diameter =
0.5 mm and cutting edge radius = 6 µm) was used to machine them on the same
aforementioned micro milling machine. The cutting parameters (see Table 8.2) were
kept constant for all the machined pockets. The same tool was used in all the
machining operations.
Table 8.2: Cutting parameters for the five milled pockets.
Cutting parameter Value
ae/mm 200
ap/µm 150
vc/(m/min) 60
f z/µm 10
Figure 8.2 shows the geometrical characteristics of the micro milled pockets, which
were machined with a nominal constant width. The height of the two steps was
instead varied to investigate the replication performance of the silicone media when
penetrating geometrical features with different depths. To make the comparison
between original and replicated specimens feasible, the depth values were set at a
value that allowed the pockets to be measured directly on the metal samples. For
the comparison, the width of the milled pockets was selected as the reference for the
replication assessment. Therefore, the dimensions W 1 and W 2 (see Figure 8.2 (b))
were measured on both metal master and replicated samples and then compared.
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Figure 8.2: (a) Micro milled pockets with nominal width dimensions. (b) Pocket
depths and the two measured widths W 1 and W 2.
8.2.3 Replication method
After the milling operations, the samples were cleaned from metal debris and dirt
particles with ultrasonic cleaning and then blown with filtered air. The black two-
component silicone rubber [174] was then poured on the steel masters by using the
dedicated dispensing gun. The curing of the replication media was performed at
room temperature. After complete solidification, the replicas were carefully removed
from the master and prepared for the measurement. To assess the repeatability of the
replication, the procedure was repeated three times for each steel sample, resulting
in three silicone replicas for each micro milled surface and pocket.
8.2.4 Surface topography measurements and uncertainty
evaluation
The surface topography measurements were carried out using a 3D confocal micro-
scope (MarSurf CMW 100 from Mahr GmbH, Go¨ttingen, Germany) with integrated
white light interferometer employing a high-power 505 nm LED as light source. The
instrument characteristics and selected settings are reported in Table 8.3.
A rectangular area of 1.0 mm × 0.2 mm was acquired for each steel and silicone
surface to characterize a significant portion of the texture. To achieve this, a stitching
operation of 9 images was performed to acquire the desired extension. The acquisition
of a relatively large area allowed performing a more general comparison as well as
decreasing the effect of potential relocation errors. The positions of S1, S2 and S3
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Table 8.3: MarSurf CMW 100 confocal microscope characteristics.
Properties Value
Magnification 100×
Field of view/µm 192 × 144
Digital lateral resolution/µm 0.25
Declared vertical resolution/nm 1.0
were uniquely identified by means of a fixed planar reference position defined on
both steel and silicone samples. The raw surface acquisitions were post-processed
with an image metrology software (MountainsMap®, Digital Surf, Besanc¸on, France):
the fitted first order plane was subtracted to ensure a correction for potential tilt.
Figure 8.3 shows the appearance of the three different surfaces, which presented the
typical characteristic of milled surfaces but with distinct patterns due to the different
radial engagements of the tool.
S1
S2
S3
100 µm
100 µm
100 µm
Full slot
Overlapped
Finished
Figure 8.3: The surface texture of the three surfaces (AISI 440 H, Sample 2).
The performance verification of the replica technique was carried out by comparing
masters and replicated surfaces using a surface parameter. In this case, the main
objective was to assess the replication performance of the two-component silicone
media with respect to the vertical profile development, since, given its nanometric
variation, it is most critical to replicate. Thus, the arithmetical mean height Sa
was computed for each surface and then used as the term of comparison. This
areal parameter gives an indication about the average areal surface roughness of the
surface, being analogous to Ra that is used to describe profile measurements [134].
It is defined as:
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Sa = 1
A
∫∫
A
|z(x, y)| dxdy (8.1)
where A represents the finite measured area upon which the height of the surface
z(x,y) is defined. Sa was chosen as an indicator since it is suitable for carrying out a
general comparison between two surfaces based on their vertical height. No cut-off
filter was applied before calculating Sa: the performance replication throughout the
entire spatial frequency domain was therefore investigated.
The uncertainty evaluation of the surface roughness measurements was carried out
following ISO 15530-3 [119]. In this particular case, a calibrated roughness artefact
made of steel (nominal value: Ra = 480 nm) was used. The measurement uncertainty
related to surface roughness measurements when using the confocal microscope,
named uCONF, was calculated as follows:
uCONF =
√
u2cal + u2p + u2res,CONF (8.2)
where ucal is the standard calibration uncertainty of the roughness standard; up
represents the standard uncertainty related to the measurement procedure and
was calculated as the standard deviation of fifteen repeated measurements on the
calibrated standard; and ures,CONF is the resolution uncertainty related to the declared
vertical resolution of the confocal microscope and calculated by assuming a rectangular
distribution. To evaluate the uncertainty related to the measurements of the actual
measurands, one more source of uncertainty was taken into account: uSa,mill, the
standard deviation of ten repeated Sa measurements on the micro milled samples
and on their replicas. Therefore, the expanded uncertainty of surface roughness
measurements was calculated as:
USa = k ×
√
u2CONF + u2Sa,mill (8.3)
where k is the coverage factor, equal to 2, for a 95 % confidence interval. uSa,mill was
calculated for the three materials involved in the study, i.e. AISI 440 H, AISI 440 A
and silicone replica. Table 8.4 shows the uncertainty budget. What stands out is
that the preponderant uncertainty contribution is the one related to the calibration
certificate of the roughness standard artefact.
8.2.5 Geometrical measurements and uncertainty evaluation
The widths measurements of the micro milled pockets were carried out using the
focus variation instrument Alicona Infinite Focus with a 10× magnification objective
(see Table 2.5 for the detailed characteristics). The area corresponding to the whole
pocket was acquired to measure W 1 and W 2. In particular, the two measurands were
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Table 8.4: Uncertainty contributions for the Sa roughness measurements of the
masters and replicated surfaces.
Uncertainty contribution AISI 440 H AISI 440 H Silicone
ucal/nm 11.0 11.0 11.0
up/nm 2.1 2.1 2.1
ures,CONF/nm 0.3 0.3 0.3
uCONF/nm 11.2 11.2 11.2
uSa,mill/nm 3.7 3.9 4.7
U Sa/nm 24 24 24
assessed using cross-sectional profiles (see Figure 8.4): one thousand parallel profiles
were extrapolated from the entire acquisition and averaged using the software SPIP
6.7.3 (Image Metrology A/S, Hørsholm, Denmark). The width was then measured
as the horizontal distance between the two points corresponding to the upper edge
of the vertical walls of the pocket.
The uncertainty was evaluated using the same method applied for surface roughness
measurements. In this case, a calibrated gauge block of 1.5 mm was selected as
calibrated artefact. The measurement uncertainty related to the width measurements
using the focus variation instrument uFV was calculated as:
uFV =
√
u2cal + u2p + u2res,FV (8.4)
where ucal is the standard calibration uncertainty of the roughness standard and
ures,FV is the resolution uncertainty related to the 2.0 µm lateral resolution of the
focus variation microscope. The expanded uncertainty was determined by adding
the contributions of the micro milled samples:
UW = k ×
√
u2FV + u2W,mill (8.5)
where k is the coverage factor, equal to 2, for a 95 % confidence interval and uW,mill is
the standard deviation of ten repeated width measurements on the micro milled metal
and silicone samples. As for Sa measurements, this last contribution was determined
for the three materials under investigation. UW was applied to the measurements of
both W 1 and W 2 since the standard deviations of their measurement results were
equal for all the materials. Table 8.5 reports the uncertainty budget.
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Figure 8.4: (a) Acquired 3D micro milled pocket (AISI 440 H, Pocket 3). (b)
Average pocket profile and measurement of W 1 and W 2.
Table 8.5: Uncertainty contributions for W 1 and W 2 measurements of the masters
and replicated pockets.
Uncertainty contribution AISI 440 H AISI 440 H Silicone
ucal/µm 0.5 0.5 0.5
up/µm 0.7 0.7 0.7
ures,FV/µm 0.6 0.6 0.6
uFV/µm 1.0 1.0 1.0
uW,mill/µm 1.2 1.1 1.5
UW/µm 3.1 3.0 3.6
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8.3 Results and discussion
8.3.1 Replication of surface topography
The replicated surfaces showed a good resemblance with the masters. The marks
created by the micro tool passes were reproduced with fidelity in their finest details
(see Figure 8.5), as for instance local discontinuities in the texture.
(a)
(b)
Figure 8.5: Detail of measured surface topography for AISI 440 H, surface S1,
Sample 1: (a) metal master and (b) silicone replica. The original
silicone acquisition was inverted with respect to the x- and z-axes to
facilitate the visual comparison.
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Figure 8.6 shows the surface roughness results for AISI 440 H. For both Sample 1 and
Sample 2, the direct measurement showed a decreasing Sa when moving from the full
slot surface (S1) to the other ones (S2 and S3). This is according to expectations, as
S1 was machined in the cutting conditions that are typical of roughing operations.
Sa measured on the master surfaces ranged between 55 and 96 nm. A certain
variability was observed: Sample 1 had an 11 to 18 nm larger Sa compared to
Sample 2. This was due to the repeatability of micro milling process since the
surfaces were machined in the same cutting conditions on the two samples. The
three replicas always had a larger Sa with respect to the original surface. However,
taking the measurement uncertainty into account, direct and indirect measurements
provided, in all the cases, the same Sa values. Indeed, the uncertainty intervals
overlap, making the measurement outputs equal from a metrological point of view.
The standard deviations among the three silicone replicas ranged between 3 and
11 nm, demonstrating that the replication procedure was very repeatable, being
these values lower than the measurement uncertainty.
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Figure 8.6: Sa values measured on master (green) and replicated (red) surfaces
for AISI 440 H. The results for S1 (left), S2 (middle) and S3 (right)
are shown. (a) Sample 1. (b) Sample 2. The error bars indicate the
expanded uncertainty U Sa.
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Figure 8.7 shows the results of the Sa measurements for AISI 440 A. S1 and S2 were
produced with similar Sa (ranging between 61 and 74 nm for the two samples), while
S3 had a significantly higher Sa roughness of around 200 nm. This happened because
of the presence of ploughing on the surface, which decreased the surface quality (see
Figure 8.8). This event was observed only for S3 because of the material accumulated
on the tool during the first three passes. The softness of the annealed material was
the factor that enabled the onset of this phenomenon, since no evidence of ploughing
was observed for the hardened steel. A certain variability due to the repeatability
of the micro milling process was observed again between Sample 1 and Sample 2.
When comparing direct and indirect measurements, it stands out that the replication
process introduced, as in the previous case, an average overestimation of the surface
roughness of the master. However, as for AISI 440 H, the uncertainty intervals of
direct and indirect measurements overlap in most cases, except for Replica 2 of
S3, Sample 1 and Replica 3 of S1, Sample 2. The replication process was again
very repeatable: the three different replicas always provided the same measurement
output, being the standard deviations among the three indirect measurements in the
range 7 to 15 nm and thus lower than U Sa .
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Figure 8.7: Sa values measured on master (green) and replicated (red) surfaces
for AISI 440 A. The results for S1 (left), S2 (middle) and S3 (right)
are shown. (a) Sample 1. (b) Sample 2. The error bars indicate the
expanded uncertainty U Sa.
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20 µm 20 µm
(a) (b)Figure 8.8: Ploughed marks on surface S3 of AISI 440 A, Sample 2.
The replication procedure introduced, in all replication experiments, an overestima-
tion of the master roughness for both the hardened and annealed steel. The deviation
∆Sa, defined as the difference between average Sa of the three replicas and Sa of the
master, did not show any dependence on the master roughness (see Figure 8.9). In
fact, ∆Sa remained mostly constant around the value of 24 nm. This fact proves
that there was not a dependence of the replication performance with respect to the
two samples, the two materials and the three surface types, as also shown by the
ANOVA results in Table 8.6. The p-values are in fact much larger than 5 % for both
single factors and two-way interactions, demonstrating that ∆Sa was not significantly
affected by the analysed experimental variables.
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Figure 8.9: Sa values for master surfaces and deviations ∆Sa = Sareplica -Samaster.
The dashed grey line represents the average overestimation that was
equal to 24 nm. The x-axis shows the surface type (S1, S2 or S3),
material (H or A) and Sample (1 or 2).
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Table 8.6: ANOVA table of ∆Sa.
Factor Adj. MS F-value p-Value
Material 136.5 2.2 0.27
Surface type 137.7 2.3 0.31
Sample 57.7 1.0 0.43
Material × Surface type 115.8 1.9 0.34
Material × Sample 71.2 1.2 0.39
Surface type × Sample 145.2 2.4 0.30
Error 60.8
Other areal parameters were taken into account to understand which roughness
component caused the Sa overestimation. In particular, the functional parameters
Svk, Spk and Sk were calculated and compared for masters and replicas. Svk is
defined as the reduced dale height, and it provides an average indication of the
depth of the valleys below the core roughness [134]. Spk is the reduced peak height
and represents the mean height of peaks above the core surface [134]. Sk is used
to characterize the core surface roughness [134]. To analyse how the silicone media
replicated the valleys of the micro milled surfaces, the value of Svk calculated for the
masters was compared to the Spk value of the corresponding replicas since a valley on
the master corresponds to a peak on the replica and vice versa. The core roughness
parameter Sk was also used as a parameter of comparison to determine whether the
overestimation of the indirect Sa measurements was also due to its increase.
Figure 8.10 shows the results of the comparison. What stands out is that the
Svk values of the master were systematically lower than the Spk values of the
correspondent replicated surfaces. In particular, the Spk of the replicas was on
average 60 % higher than the Svk of the masters. This proves that the replication
procedure generated surfaces having peaks that were higher than the valleys of
the master. The same happened for Sk: the indirect measurements provided an
average 63 % higher level of Sk for all the produced surfaces, demonstrating that
the core roughness was also increased through the replication procedure. Thus,
the Sa overestimation of the indirect measurements was caused by two distinct
phenomena: the increase of the height of the peaks with respect to depths of the
valleys and the increase of the core roughness. These phenomena were most probably
generated during the demoulding phase of the replica, in which the silicone material
was detached from the milled sample. At first, during solidification, the replication
media penetrated into the master surface valleys. When the solidified replica was
manually removed, the silicone stuck to the deepest points of the valleys because of
their extremely small width, making its removal more difficult than in other areas.
Thus, the manual removal caused a nanometric stretch perpendicular to the average
plane of the surface, which resulted in the observed increase of both dale height
and core roughness. This also explains why the overestimation was almost constant
(see Figure 8.9): the manual removal acted as an external factor, and, as such, was
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not influenced by any of the experimented variables. Another evidence is given by
the Kurtosis parameter Sku [134], which provides a quantitative evaluation of the
sharpness of the surface roughness profile. The replicated surfaces had an average
23 % higher Sku value, demonstrating that they were characterized by a sharper
profile than that of the masters, as a consequence of the stretch induced by the
manual removal.
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Figure 8.10: Functional roughness parameters calculated on master (blue) and
replicated (green) samples. (a) Svk and Spk values for masters and
replicas respectively. (b) Sk values. The interval bars indicate the
standard deviations calculated among the three produced replicas.
The x-axis indicates the surface type (S1, S2 or S3), material (H or
A) and Sample (1 or 2).
8.3.2 Replication of geometries
The micro milled pockets and their silicone replicas had a very similar shape. In
particular, the silicone material was capable of replicating the geometry of the vertical
walls accurately, since no trace of any tilt, which could have been introduced by
differential shrinkage, was observed (see Figure 8.11).
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Figure 8.11: Profiles of master and replicated micro milled pockets. Original
silicone acquisitions were inverted with respect to the y-axis in order
to facilitate the visual comparison.
Figure 8.12 shows the results of the width measurements made on the AISI 440 H
sample. The five steel micro milled pockets had an almost constant W 1, while W 2
results were more variable. It can be seen that the indirect measurement generally
provided a lower value for both the measurands, as in only 10 % of the cases the
indirect evaluation generated an overestimation of W 1 and W 2. Direct and indirect
measurements provided the same output (i.e. the uncertainty intervals overlap)
in 53 % of the comparisons for W 1 and in 40 % for W 2, demonstrating that the
replication performance was better for the measurement of the inner geometry of the
pockets. The average standard deviation, calculated among the three replicas and
for the five pockets, was equal to 5 µm for W 1 and to 9 µm for W 2. Thus, it can be
concluded that W 1 was replicated more accurately and precisely than W 2.
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Figure 8.12: W 1 and W 2 measured on master (orange) and replicated (blue)
pockets for AISI 440 H. The error bars represent the uncertainty UW .
Figure 8.13 shows the results for the AISI 440 A sample. As for the hardened
material, the replication generally introduced an underestimation of the original
micro milled geometry: only in one case out of 30 the width of the replicated specimen
was larger than that of the master. The uncertainty intervals of direct and indirect
measurements overlap in 67 % of the cases for W 1 and in 47 % of the cases for
W 2. Average standard deviations of 3 µm and 8 µm were observed for W 1 and
W 2 respectively. Therefore, the replication performance was similar for the two
steels and, once again, a better replication was achieved for the internal width of the
pockets.
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Figure 8.13: W 1 and W 2 measured on master (orange) and replicated (blue)
pockets for AISI 440 A. The error bars represent the uncertainty UW .
Figure 8.14 shows the results in terms of deviation ∆W , calculated as the difference
between direct and indirect measurement outputs, while Table 8.7 presents the
ANOVA results. The replication performance did not depend on the material of
the master, as the p-value was larger than 5 % for this experimental factor. The
same conclusion can be drawn for the five pockets: the replication performance was
unaffected by the different depth of the micro milled geometries, proving that the
penetration of the silicone media was not hindered by a larger depth of the inner step
of the investigated pocket. Conversely, the fidelity of the replicas was greatly affected
by the type of measurand. When measuring W 2, the deviation was on average 8 µm
larger than when measuring W 1. This strongly suggests that the silicone media
better replicates geometries that are more internal with respect to the outer surface
on which it is casted. This observation could also be explained by hypothesizing a
linear shrinkage of the silicone material with respect to the replicated micro milled
dimensions, being W 1 smaller than W 2.
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Figure 8.14: Main effects plot for the deviation ∆W = W master -W replica. The error
bars indicate the measurement uncertainty of ∆W .
Table 8.7: ANOVA table of ∆W .
Factor Adj. MS F-value p-Value
Material 32.2 0.6 0.46
Pocket 42.2 0.8 0.57
Measurand 800.2 14.1 0.00
Material × Pocket 56.9 1.0 0.42
Material × Measurand 5.6 0.1 0.76
Pocket × Measurand 69.8 1.2 0.31
Error 56.7
To characterize the behaviour of the silicone when replicating geometrical features and
verify the hypothesis of linear shrinkage, the shrinkage parameter sW was calculated
as:
sW =
Wmaster −Wreplica
Wmaster
(8.6)
where W master and W replica are the width measurements of master and replica
respectively. For both W 1 and W 2, the average sW was equal to 0.27 % ± 0.03 %,
where the last value represents the expanded uncertainty value calculated by means
of the law of propagation of errors. Being sW equal for both the measurand, it can
be concluded that the shrinkage behaviour of the silicone was indeed linear with
respect to the master dimensions. This parameter is particularly useful since it gives
clear indication on what is the relative underestimation introduced by the replication
procedure when measuring micro milled geometries. It can be used to determine the
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dimension of the master when only an indirect measurement is available, provided
that the uncertainty value of the shrinkage is taken into account.
8.4 Summary and conclusions
The replication performance of a commercial silicone replica media applied as an
indirect measurement tool for micro milled components was investigated. Particular
interest was paid to the applicability of this method to the measurement of inaccessible
features that are often present in micro moulds used in µIM.
The replication capabilities related to surface texture and geometries were assessed
separately with two micro milled samples for two different mould steels. The
samples were designed in order to allow a comparison between direct and indirect
measurements.
The comparison based on surface topography measurements revealed that:
• The silicone replication media was capable of accurately reproducing the
appearance and features of the micro milled surface texture, even in the finest
details such as mill passes and local discontinuities.
• The indirect Sa measurements always overestimated the surface roughness of
the replicated master for both steel materials (average overestimation equal
to 24 nm), even though the measurement uncertainty was larger than the
deviation in 34 cases out of 36.
• The analysis based on the functional areal parameters Svk, Spk and Sk demon-
strated that the overestimation introduced by the replication procedure was
due to an increase of both core roughness and average peak height.
• Being the overestimation unaffected by the varied experimental conditions, it
was concluded that it was caused by an external factor such as the manual
detachment of the silicone replicas from the master surface. In particular, the
removal generated a stretch of the peaks of the replica, which in turn provided
an overall higher surface roughness at the nanometric level.
The comparison based on the measurements of micro milled pockets revealed that:
• The replicated widths of the two-stepped micro milled pockets were generally
smaller than the metal masters because of the shrinkage of the silicone media
during the curing phase.
• This underestimation was dependent on the type of measurand: the error
was 8 µm larger for geometries that were less exposed to the pouring of the
replication media, proving that more internal widths were replicated with
higher fidelity by the silicone.
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• Considering the measurement uncertainty, the direct and indirect width mea-
surements provided the same result in 31 cases out of 60, showing that the
replication performance did not allow meeting the target consistently at the
micrometric level.
• The shrinkage of the replication media was calibrated and equal to 0.27 % ±
0.03 % for both the measured widths, proving that the silicone shrunk linearly
with respect to the dimension of the master pocket.
• The value of the shrinkage and its uncertainty can be used to obtain the
dimensions of the object when only indirect measurements are available.
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9.1 Conclusions
Micro injection moulding is nowadays the preferable technology for micro plastic
parts manufacturing. It is assuming more and more significance as the new digital
era requires the development of novel and smaller industrial components.
This thesis was dedicated to expanding the state-of-the-art of µIM by studying
thoroughly the impact of process variations on the accuracy and precision of the
manufactured components and implementing new data-based strategies to achieve
in-line quality assurance. In order to eliminate the quality control time based on
off-line inspections, which acts as a bottleneck in process chains built around fast
replication technologies such as µIM, a novel framework based on product and process
fingerprints was defined and applied to two different typologies of micro moulded
components, namely a 3D and a nano-structured one. Micro/nano optical metrology
and process monitoring were key elements in these studies. The knowledge of µIM was
also expanded by characterizing the process when moulding thermoplastic elastomers.
µIM simulations models were tested and validated as tools for quality prediction and
virtual process optimization. Finally, the applicability of the replica technology to
the indirect measurement of micro milled moulds was investigated, thus providing an
indication on how to assess surface texture and dimensions of inaccessible features of
master inserts.
The achievements of the thesis satisfied the objectives of the project and can be
summarized in the answers to the research questions presented in section 1.3.
What is the precision and accuracy of µIM when micro moulding TPE? What
are the effects of the main process parameters on the part geometry?
µIM was successfully applied to manufacture TPE micro rings used in high-performance
phono-cartridges. A preliminary study based on weld line depth measurements
showed that low values of clamping force and injection speed were needed to reduce
the defects caused by air entrapments. This finding was taken into account in a
DoE investigation, where the effects of main µIM process parameters on the ring
diameters were quantified. The process was characterized, demonstrating that a
level of precision in the single micrometric digit was attained within the selected
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process window along with a consistent multi-cavity production. The outer diameter
was influenced mostly by mould temperature and holding pressure, whereas the
inner one by mould temperature and melt temperature. A novel behaviour was
observed: the two diameters showed an opposite dependence on the investigated
parameters, therefore making the simultaneous increase of both geometrical output
impossible in the experimented range. Moreover, the inner diameter suffered a
larger shrinkage, most probably due to the presence of residual stresses caused by
constrained shrinkage at the ring-pin interface. The moulded micro rings were also
functionally tested with a specific apparatus: most of the rings passed the tests,
apart from some samples having a large inner diameter and small outer diameter,
providing useful insights on the impact of µIM parameters on the functionality of
the final product. The same technology was also applied in an insert-moulding
configuration. This process had the main advantage of reducing the assembly burden
by moulding the TPE micro ring onto the metal substrate, thus greatly reducing
the production time. Dimensional measurements of diameter and roundness of the
overmoulded rings showed that it was not possible to maximize the diameter and
minimize its deviation at the same time. The alignment of the overmoulded parts
was demonstrated to be very good (alignment angles of circa 0.5° were measured).
How can the product/process fingerprint framework be effectively applied to
a 3D micro component?
The product/process fingerprint framework, which aimed at defining an in-line quality
assurance strategy, was applied to a 3D micro medical component in POM. DoE
and correlation analyses allowed to define the best product fingerprint in the flash
area, i.e. the dimensional indicator related to the flash size. Six process fingerprint
candidates extracted from in-line monitored injection pressure and velocity curves
were selected. No external sensor was employed, as the recordings were extracted
from the µIM machine computer. The best one was the mean integral of the pressure
during filling, which was influenced by 3 out of the 4 varied µIM parameters. This
process fingerprint was also highly correlated to the product fingerprint and to the
other main defect affecting the part quality, i.e. the gate mark length.
Is it possible to define a clear in-line quality assurance strategy for this com-
ponent based on the combination of product and process fingerprints?
Since a correlation among product and process fingerprints was demonstrated, in-line
µIM process optimization could be carried out by monitoring the selected indicators,
thus setting up an effective quality monitoring strategy based on injection pressure
recordings. In particular, the results showed that the mean integral of pressure must
be maximized and kept at values of circa 500 bar to mould parts having minimum
gate mark size, while the flash size was minimized when moulding in the opposite
condition, i.e. with values of the process fingerprint of around 300 bar.
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How can the product/process fingerprint framework be applied to the replica-
tion of a nano-structured surface?
The product/process fingerprint framework was applied also to a moulded disk
in POM and PC featuring a nano-structured surface generated by replicating a
laser-structured insert that presented a singe-lay texture made of nano-ripples. The
nano scale replication performance of µIM was studied with a DoE campaign and
characterized by using Sq and Sdq areal texture parameters, which acted as product
fingerprints. In fact, the calculation of both was proved to be necessary to characterize
replication of height and morphology of the nano-ripples, which was dominated by
the value of the mould temperature. The in-line monitored data consisted of in-cavity
temperature profiles collected using an infrared high-speed camera that imaged the
cavity through a lateral opening and a sapphire window. Among five indicators
extracted from these curves, the mean temperature during the initial part of the
moulding cycle was the mostly correlated to the replication quality, showing that
the initial phase of the filling played a primary role with respect to the µIM output.
Thus, this variable was selected as process fingerprint, as it was capable of controlling
the replication quality for both the moulded materials.
Is it possible to define a clear in-line quality assurance strategy for nano-
structured surfaces?
The selected process fingerprint showed a clear relationship with the replication
fidelity for both POM and PC, allowing to define a control strategy. In particular,
moulding POM with fingerprint values higher than 148 °C was necessary to maximize
the replication of the mould nano ripples in both height and morphology.
How can process simulations turn into a useful tool when dealing with the
optimization phase of µIM?
µIM process simulations were applied to the case studies of TPE micro rings and 3D
micro medical components with the aim of building models capable of predicting
the quality of the parts against the variation of multiple process parameters. The
software Autodesk Simulation Moldflow Insight was used in both cases to build the
models and run the simulations. As regards the micro rings, a 3D model comprising
the feed system and the four cavities was used. A calibration procedure was needed to
fit the numerical results on the experimental observations. The calibrated model was
validated against the effect of the variation of four process parameters on the outer
diameter of the rings, being the average deviation between simulation results and
real measurements equal to 1.6 µm, a value lower than the measurement uncertainty.
This proved that the model can be effectively used to optimize the process in a
virtual environment, thus providing significant cost savings. The prediction of the
dimensions of the inner diameter was less accurate, most probably due to the lack
of a general model capable of taking into account the residual stresses induced by
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constrained shrinkage. As regards the 3D medical component, a 3D model was
built in order to predict the size of the flash affecting the part quality as well as its
dependence on the variation of µIM parameters. The numerical flash overestimated
the experimental one by a factor of circa 2. This discrepancy was caused by the
underlying simplified assumptions of the numerical finite element model such as
neglecting of the mould surface roughness. The model was, on the other hand,
validated with respect to the effects of the four µIM parameters, having the slopes of
the main effects plot the same sign and very similar magnitude. Thus, the model
can be applied to virtually tune the process with the aim of minimizing the size of
the main part defect.
What is the accuracy of the replica moulding technology applied to micro
milled mould features?
The replication capability of a fast silicone replica media applied to micro milled
mould features was studied. Two micro milled samples having features typical of
moulds for µIM applications were used: the first was used to assess the replication of
surface texture, while the second the replication of width of pockets resembling mould
channels. The comparison based on surface texture measurements demonstrated that
the silicone was capable of accurately replicating the appearance of the master surface.
However, the replicas introduced an overestimation of the surface roughness in the
order of tenths of nanometres of Sa. This was caused by the manual detachment of
the silicone from the replicated specimen. The comparison based on the width of the
micro milled pockets showed that the replicated parts were generally smaller than
the master. This phenomenon was caused by the shrinkage of the silicone, which
shrunk linearly with respect to the master dimension. The level of shrinkage of the
media was calibrated in order to provide a reference value that can be used to obtain
the original dimension when only the indirect measurement is available.
9.2 Outlook
The results of the investigations carried out throughout the present project provided
new knowledge and significant advancements in the field of µIM technology, with
a particular focus on dimensional quality control and process optimization. The
wide use of machine data perfectly fits the current industrial manufacturing scenario,
which is rapidly moving towards a digital framework where sensor data become
essential to control and predict the production outputs. Based on the achievements
of the work, a variety of new research areas can be now explored:
• As the investigations carried out on µIM of TPE highlighted peculiar phenomena
such as substantial shrinkage enhancement due to residual stresses, new research
efforts could be dedicated to examining this behaviour in depth. Since it was
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also demonstrated, for the first time in literature, the applicability of µIM to
the manufacturing of soft high-accuracy micro TPE components, new part
geometries have to be tested in order to make the know-how of these materials
as developed as that of rigid thermoplastics. By doing so, µIM industrial
applications could be substantially extended beyond the current state.
• The product/process fingerprint framework was proved to be a valuable resource
for establishing an in-line quality control based on process monitoring. The
studies presented in this work allowed defining the procedure of the method
and determining the best control strategy for the specific cases studies under
analysis. The next steps of the method will involve the actual implementation
of the framework in a real µIM production scenario. The main challenge will
be related to the in-line data extraction and analysis, as all the calculations
must be performed within a single cycle time, which is usually in the order
of tenths of seconds. If, on one hand, this issue is relatively easy to tackle
for data such as those available from the machine computer (i.e. injection
speed and velocity), on the other, the use of in-cavity temperature data is
particularly challenging, as high-speed camera recordings need to be processed
with a specific software in order to extract the temperature information. A
possible solution would be the use of a processing computer with very high
computational power that would allow the processing of the thermal images in
a short time. Alternatively, the number of monitored shots could be reduced
to allow the data processing, thus making the in-line quality assurance only
partial.
• The proposed procedures to apply the product/process fingerprint framework
were based on the use of machine data and high-speed imaging. Future research
should focus on the applicability of different monitoring techniques, such as
those based on in-cavity pressure and temperature sensors. When allowed
by the part geometry and mould design, different sensor positions should be
considered in order to identify the one providing data that are mostly correlated
to part quality. The use of multiple sensors would also substantially enlarge the
amount of data, thus making the approach more comprehensive and sensitive
to process variations.
• In the study on the replication of nano-structured surfaces, two materials with
similar viscosity but different molecular structure were tested. The experimental
results clearly highlighted differences in replication performance, and it was
hypothesized that the molecular weight played a role with this respect. The
next step of this investigation should be dedicated to benchmark the replication
fidelity of a wider pool of polymers in order to define the physical characteristics
that mostly affect the outcome of the µIM process at the nano scale. The
results of this study would provide a clear indication on the best typology of
polymer to mould when extremely high levels of replication are needed to meet
the part functionality.
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• The potential of µIM simulations as a tool for virtual quality optimization will
require more research. As shown in this thesis, a calibrated model can be used
to successfully predict the effect of process variations on a target geometry.
However, the model may not be validated with respect to multiple geometries,
making the use of multiple specifically calibrated and uncoupled models the
possible solution to assess the whole part quality in the virtual domain. As
in this project only the size of micrometric dimensions was simulated, new
research should be devoted to the prediction of nano structures as well as surface
texture. The main challenge related to this task is the level of discretization
needed to model the mould surface, which must be measured beforehand
and then implemented in the simulation software. Mesh sizes in the order
of nanometres should be used, consequently making the computational effort
extremely burdensome even with multi-scale meshing approaches.
• The applicability of the replica technology to the indirect measurement of
moulds was thoroughly assessed and verified. In this work, only micro milled
features were considered. Future research should focus on different micro
tooling processes such as µEDM and micro laser machining. The different
surface topographies generated by these techniques could, in fact, yield to
different conclusions. Therefore, the field in which this method works best
could be defined. Multiple replication media should also be tested to define
the most suitable tooling-replica combination to use in indirect measurements
of inaccessible features.
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